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1 Introduction

A primary concern of today's commercial aircraft designer is the reduction of tile

aircraft's noise lexels during ['light. The tighter noise regulations mandated by' new

Federal Air Regulations and the increased traffic to/from airports are the major factors

that motivate a reduction in aircraft noise levels. The primary noise sources of an aircraft

that include the body, engines, the flaps and slats, landing gear and wheel wells are

illustrated in Figure 1.1. Due to the advent of quieter engines, airframe noise is now the

major noise source of an aircraft during descent i when the engines are at a low setting

and the aircraft is in the high lift, high drag configuration with its flaps, slats, and landing

gear deployed. Experimental studies 2 conducted on full-scale aircraft have identified the

wheel bays as one of the main sotirces of airframe noise producing 5-lOdB increases in

the spectrum.

Flaps and slats
Wheel wells

Landing gear

Figure 1.1: Noise sources on a commercial aircraft.



The xvheel wells may be modeled as a rectangular cut-out ira a surface, or cavity.

The oscillatory character of the cavity flow is the source of the intensive noise signature.

There is thus interest to understand the physics of cavity flows and to develop methods to

suppress the cavity' oscillations.

1.1 Cavity Flow Physics

Cavity flows may, be classified into three oscillation types: 3 fluid dynamic, fluid-

resonant, and fluid-elastic. In the fluid dynamic cavity flows, tile oscillations are

primarily' controlled by the vortical structures in the shear layer and their interaction with

the rear wall. For fluid resonant cavity flows, the acoustics of the cavity exhibit standing

waves in the cavity, v,'hich controls the oscillations. In fluid elastic cavity flows, the

oscillations are coupled to the motion of a solid boundary'. In wheel wells, the cavity

flows exhibit the characteristics of both fluid dynamic and fluid resonant oscillations.

The cavity flows of interest to this work are also termed "open type" cavity' flows,

and generally occur for a cavity with length-to-depth (L/D) ratio less than 7-10. For

larger L/D ratios, "closed" cavity flows in which the shear layer impinges onto the cavity

floor occur, and the cavity does not resonate. Some of the features of open cavity flow

are shov,'n in Figure 1.21 The Schliei:en image in Figure 1.2a shows the shear layer that

spans the cavity opening. A large Vortical structure is seen in the shear layer near the

cavity, rear wall. In Figure 1.2bl the key elements of the cavity flow are illustrated. The

incoming boundary layer separates at the leading edge of the cavity to form the shear

layer that bridges the cavity' opening. Instabilities, or vortices, are formed at the



separation point. These instabilities grove in size as they are convected downstream in

the shear layer. The instabilities impinge on the surface as the shear layer reattaches at

the rear wall. Duc to this impingement, acoustic disturbances are formed and propagate

upstream. At the front ,.,,'all, the disturbances interact with the shear layer at its separation

point. At this location of maximum receptivity, additional vortices are generated; the

feedback loop between the vortices and acoustic disturbances is then closed, and distinct

cavity tones (or modes) are produced.

(a)

(b)

Boundary layer

Flow

Vortices

Separation
dtachment

Figure 1.2: Open cavity flow features, a) Schlieren image b) schenmtic.



Severalmethodshavebeendevelopedto predictthefrequenciesof theresonant

modes.Thesenlethodspredictwell tile modalfrequencies,however,theydo poorly in

determiningtheamplitudesof themodes.Rossiter4developedthefirst methodto predict

thecavity resonantmodesin anincompressiblefluid. This semi-empiricalformula,,','as

modifiedbyHeller andBliss5to accountfor compressibilityeffects. This modified

equationis:

£,,_ t__ m-a (1.1)
g AI _ 1

4---

_/l + r - l M-" k,.2

,,,,'here y is the ratio of specific heats, al_ and U= are the freestream Mach number and

flow speed respectively, L is the cavity' length, andS,, are the resonant frequencies

corresponding to tile m 'h mode. There are two empirical constants in the equation: cz

which is related to the phase lag between the vortices in the shear layer and the upstream

traveling acoustic disturbances; and/q, which is the ratio of the convection speed of the

vortices to the freestream speed. The values of the constants depend on the L/D ratio and

AI_. For a cavity with L/D=4, typical values at low Mach number are ct=0.25 and/q,

=0.66.

Tam and Block developed a mathematical model of the cavity tones) This model

couples the shear layer instabilities with the acoustic feedback and more accurately

predicts the cavity modes. A periodic acoustic line source at the rear lip of the cavity' is

used in this model and the propagation and reflections of the acoustic waves fiom the

bottom and front x_all of the cavity are modeled. The finite thickness of the shear layer,

which is found to be an important element in the resonance process, is accounted for.

4



ComputationalFluid Dynamics(CFD) methodshavemore recentlybeenusedto

predicttile amplitudesandfrequenciesof tile resonantmodes.Tile primary challengesof

theCFD approachesareto modelthe large-scaleturbulentstructureswithout having

excessivedissipationandto adequatelyresolvethetime-scalesol interest. Extensive

CFDwork hasbeenclonefor cavity ['lowsusingtheReynoldsAveragedNavier-Stokes

(RANS) equationsandis summarizedby Chokani. 7 Hankey and Shang conducted one

of the first viscous cavity simulations, s They used the explicit predictor-corrector

method of MacCormack with the Cebeci-Smith eddy viscosity turbulence model. More

recently, Zhang and Edwards ° have modeled the supersonic cavity flow using an explicit

method with a k-co turbulence model. Rizzeta used a modified Baldwin-Lomax

turbulence model in an explicit method to compute both two-dimensional and three-

dimensional cavity flows. In comparison to the explicit methods, implicit schemes do not

suffer from the excessively restrictive time-step limitations; however implicit methods

require large amounts of memory. Baysal et. at. _° used an implicit upwind scheme with a

Baldwin-Lomax turbulence model, and obtained good agreement with measured steady

and fluctuating surface pressures. An implicit central difference scheme using a modified

Baldwin-Lomax model was developed by Morgenstern and Chokani, 1_and applied to

hypersonic cavity, flows. Sinha et. al. 12have compared the results from RANS, with

several turbulence models, to the prediction of a large eddy simulation (LES) method.

They found that the RANS predictions are sensitive to the turbulence model, and the

more accurate modeling of the large-scale vortical structures using the LES method

produced better agreement with expe_iments than RANS.

5



The basiccavity t'lo_shavebccnstudiedin severalexperiments.Plcntovicht3has

reportedthemeansurfacepressuresin openandclosedcavity flowsoverarangeof

subsonicandtransonicspeeds.Meanwall pressureswerealsopresentedfor supersonic

cavity flows with varyingcavity lengthto depthratiosby StallingsandWilcox. t4 They

also found that the width of the cavity' influenced the amplitude of the cavity pressures.

Spectra of the fluctuating wall pressures were examined by Tracy and Plentovich. _s The

cavity L/D, W/D, and Mach numbers were examined and the spectra used to describe the

open and closed cavity flows.

1.2 Flow Control

1.2.1 Cavity Flow Control

Since the 1960's, much research has been conducted to control cavity resonance.

The early techniques of attenuating the self-oscillatory behavior of cavity flows were

passive methods, whereby fixed changes/modifications are made to modify the cavity and

thus disrupt the feedback process. Some examples of these are spoilers 4' 5 and trailing

edge slants s, to modify' the impingement of the shear layer at the downstream wall, and

cowls 5, to interrupt the mass transfer above the cavity' downstream wall. More recently,

leading edge ramps _ and rear wall modifications using passive venting and swept back,

inclined geometry t' have been examined. Passive pneumatic control, which uses the

pressure difference in the cavity to transport fluid along the cavity floor, has also been

investigated. _s Passive control methods are inexpensive and simple. At certain flow

conditions, these methods are very effective in suppressing the cavity oscillations.
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However, since passi`,'e methods use permanent devices, the cavity resonance at an off-

design condition oi in time-varying conditions may actually be wozse than the cavit.y

resonance without passive control.

Active control methods on the other hand, have the potential to be continuously

changed to adapt to different flow conditions. An active control system is required to

implement active flow control. This ssstem consists of three components: the sensor, a

cont,-oiler, and an actuator Figure 1.3. In an open loop control system, the actuator is

operated independently of the sensor; in a closed loop control system the actuator and

sensor are continuously and automatically adjusted through the controller. Although

active control systems are more complex, active control has the potential to reduce cavity

resonance over a wide range of conditions. Several actuation approaches for active

control in cavity flows have been studied. Vakili et al. 19 used distributed air injection

upstream of the cavity to obtain up to 27dB decrease in the peak sound pressure level.

Cattafesta et al. 2° used a flapping plate at the front wa]l of the cavity' to demonstrate both

open and closed loop control of the ca\ity oscillations; the closed loop control, using

mode cancellation ,,,,'as more effective. Sha,,_, 2 found that pulsed blowing through a slot

located at the front edge of the cavity was more effective than steady blowing. Sarno and

Franke 22 found that both steady and pulsed blowing through a slot located just within the

cavity on the front ,,,,.'all were equally effective.



Flow

controller

Figure 1.3: Active control system.

Ii] a recent computational study, I_xmlp and Chokani 23 demonstrated the

suppression of resonance in a supersonic cavity flow using jet blowing. Time-accurate,

two-dimensional, Reynolds-Averaged Navier-Stokes (RANS) simulations of the cavity

flow were conducted. A small jet, placed at the front lip of the cavity, was found to be

effective in reducing the amplitude of the pressure fluctuations in the Cavity. The

effectiveness of the control was found to strongly depend upon the amplitude and

frequency of the blowing jet. Cross-correlations of unsteady pressures sampled in the

cavity showed that the timing of the events were unaffected by the blowing. Auto-

correlation analysis however, showed that structures in the cavity shear layer were

significantly smaller with jet blowing. The potential of the small jet to form the basis of

an adaptive active control scheme, motivated the present wind tunnel experiments using

oscillatory blowing.

1.2.2 Oscillatory Blowing and Pulsed Jet Blowing

Oscillatory and pulsed jet blov,ing have recently received a lot of attention in the

control of boundary layer flow separation. Oscillatory blowing, a cyclic action of



blowing and suction applied through a strearnwise directed slot, has been found to be

successful in delaying flow separation over an airfoil. 2a' 2s, 2< 2v The attendant benefits of

the oscillatory blowing control on an airfoil are an increase in the lift and a reduction in

the drag. Oscillatory blowing can be consideced to consist of two conlponents: a time-

mean component, and a fluctuating component. The mean, %, and the fluctuating, <%>

momentum coefficients are used to characterize the respective amplitudes. Oscillatory

blowing, with zero or non-zero net mass flux, has been observed to be more effective

than steady blowing. In particular with oscillatory blowing a fluctuating momentum

coefficient, <%>, that is an order of magnitude smaller than the mean momentum

coefficient, c_,, of steady blowing yields the same degree of flow separation control. This

effectiveness can be accomplished with zero net-mass oscillatory blowing; that is the

mean momentum coefficient, %, is zero. The oscillatory blowing is also described in

terms of a forcing frequency. A dimensionless frequency, F+=fv,,,/U_, of the order of

unity, is found to be most effective. The observations from the experiment indicate that

the mechanism of control using oscillatory blov,'ing is the addition of high momentum

fluid into the separated flow on the airfoil.

Similar to oscillatory blov,'ing, vortex generator jets (VGJ), re-energize the

separated boundary' layer flow by transfen'ing high momentum fluid from the outer

region of the boundary layer towards the wall. This is accomplished by introducing the

high momentum fluid through small diameter holes in the surface. Lin zs used vortex

generator jets to control the separation of the flow over a backward-facing ramp. Lin

found that hole size, blowing angle, \ elocity ratio bet_,veen the jet and freestream, and the
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holespacingdeterminedtheeffectivenessof VGJ. Comparedwith steadyblowing from

aslot, theVGJweremuchmoreeffective in reducingtheflow separation.

Pulsedvortexgeneratorjets(PVGJ)havemorerecentlybeenusedto controlthe

separationonairfoils.29' 30,3_ The effect of forcing frequency, momentum coefficient,

duty cycle, hole diameter, and hole spacing of the jets have been examined. PVGJ is

found to be more effective than steady VG3.

1.3 Objectives of Research

The previous work shows that oscillatory blowing and pulsed VGJ are effective

for the control of flow separation. Although steady and pulsed blowing have been used

in previous studies to suppress cavity resonance, only blowing through a slot or porous

surface have been examined. In our new approach to the control of cavity resonance, a

combination of both zero net-mass oscillatory blowing and pulsed VGJ is employed.

There are several advantages to this new approach. First, compared to blowing through

slots, blowing through discrete holes use an order of magnitude less mass flow to gain the

same control effectiveness. Secondly', VGJ generate vortices, which can persist over long

distances, and therefore, have the potential to modify the cavity shear in even large L/D

open cavity flows. Thirdly, compared to pulsed blowing with non-zero-net mass, zero-

net mass oscillatory blowing is more practicable since on an aircraft, the required air

must be bled from the engine.

There are three main objectives of this research:

° to suppress cavity resonance using zero net-mass oscillatory blowing;

10



• to determine the mechanism of control; and

• to iclentify key parameters that influence the effectiveness orthe control.

The overview of this dissertation is as follows. The experimental procedures and

measurement techniques are discussed in chapter 2. In chapter 3, the results of the

experiment are presented. The chapter begins v,,ith a detailed discussion of the

characteristics of the cavity flow without flow control. The effectiveness of steady and

near-zero net mass oscillator) blowing are then described. The effects of the hole size,

hole shape, blowing angle, momentum coefficient, and forcing frequency are all

examined. The analysis includes spectra, to describe the distribution of energy; attto-

correlations, to examine the large-scale structures; cross-con'elation analysis, to examine

the timing of events; bicoherence analysis, to examine the phase coupling of the resonant

modes; and wavelet analysis, to examine the mode switching behavior. The effect of

blowing on the amplitude of velocity fluctuations and mixing in the cavity shear layer is

then finally examined. The conclusions and recommendations for future work are

presented in chapter 4.
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2 Experimental Methods

2.1 Experimental Set-up

2.1.1 Test Facility

The experiment was conducted in the Probe Calibration Tunnel (PCT) at the

NASA Langley Research Center. The PCT is a blow-down, pressure tunnel with a

capability for the independent control of Mach number, Reynolds number, and total

temperature. A high-pressure bottle field and a steam heater system are used to provide

dried, pressurized air to the PCT. The tunnel stagnation temperature can be varied from

255K to 367K (+_0.5K), and the tunnel stagnation pressure fiom 0.2atm to lOatm

(+l.4xl0--_amz). Anti-turbulence screens and a sintered plate located in the settling

chamber are used to condition the flow. The nozzle contracts from a circular inlet of

30.5cm (12h0 diameter to a 5.1cnz (2h0 × 15.2cm (6in) rectangular nozzle exit. The test

section is located downstream of the nozzle exit, within a plenum, which is equipped with

rectangular Schlieren windows for optical access, Figure 2.1. The flow exits through a

diffuser and is exhausted to atmosphere.

12



Instrument rack

Flow

Figure 2.1: Probe Calibration Tunnel with instrument rack.

2.1.2 Test Model

Within the tunnel plenum, the cavity model is mounted 30cm (1 lin) downstream

of the nozzle exit in the ceiling, as shown in Figure 2.2. The cavity has a fixed length of

15.2cm (6in), and spans the width of the test section, 5.1cm (2i,). The cavity floor plate

can be adjusted to produce cavity depths from O.Ocm (O.Oi,) to 76.2cm (3.0in). For the

present experiment, the depth was set at 3.8cm (1.5i,) to produce a L/D = 4. A small

angle diffuser is attached downstream of the cavity to recover the pressure.
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Actuator

Hot-wireand sting
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Cavity floor

_ Flow
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access port

Schlieren Iwindow

C

Diffuser

Figure 2.2: Cavity model inside the tunnel plenum, showing the hot-wire set-up.

An acoustic baffle is used in ttle cavity ceiling to reduce coupling between the

cavity and tunnel acoustic modes. The baffle consisted of acoustic foam wedges, which

absorb the sound waves, thus eliminating the cavity-tunnel acoustic interaction. Figure

2.3 shows the calculated tunnel modal frequencies and predicted cavity resonant modes.

The curved lines show the calculated tunnel modal frequencies, the straight lines indicate

the predicted cavity resonant modes, and the symbols the experimentally measured cavity

modes. In the absence of the acoustic baffle, the tunnel modal frequencies, Figure 2.3a,

are seen to drive the cavity resonant modes to their maximum amplitude. When the

acoustic baffle is used, the cavity-tunnel acoustic interaction is eliminated and the

maximum amplitude follows the predicted cavity resonant frequencies. For the hot-wire

14



shear layer surveys, a streamwise slot in the baffle enabled the hot-wire probe to be

traversed in the streamwise direction. No slot was present in the baffle used for the other

measurements,
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2.1.3 Actuator

An actuator was designed and fabricated at North Carolina State University to

provide the steady and oscillatory blowing, Figure 2.4. Details of the actuator's design

are presented in Appendix A. 1. Two flow control wtlves regulate the air entering into

and exiting from the actuator, Figure 2.5. A hollow rotor with slots around its

circumference is housed in a stator that has a slot opening to the delivery chamber. Air is

allowed to enter the delivery chamber when a rotor slot is aligned with the slot of the

stator. As the rotor rotates, pulses of air are generated as the air gets "chopped" as it

enters the delivery chamber. Zero net-mass oscillatory blowing is achieved by regulating

the flow control valves to allow equal amounts of mass to enter and evacuate the delivery

chamber. The combined effect of the rotary pulse valve and flow control valves is to

Motor

Jet holes

Delivery
Chamber

Cavity front
wall

Actuator

. instrumentation

. [

\

Pulse Valve I

Figure 2.4: Actuator set-up on the bench-top.

Air supply
line

Vacuum line
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produce suction and blowing at the jet exit. Steady blowing is achieved by fixing the

rotor in an "open" position, which allows air to flow into the delivery chamber. Within

tile delivery chamber, the wall temperature, time-mean wall static pressure, and unsteady

wall pressure, are measured as shown in Figure 2.5. The wall temperature is measured by

a K-type thermocouple. A lO00torr Barocel Pressure Sensor (Datametrics model 570

with an electronic manometer, model 1 I74) is used to measure the time-mean static

pressure referenced to the tunnel static pressure. A Kulite XCS-062-15D differential

pressure transducer is used to measure the unsteady wall pressure.

Delivery Chamber

High pressure

rotor /

Pulse Valve

Flow control_

valve

To vacuum

Figure 2.5: Diagram of rotary pulse vah, e actuator.

A 100 Watt DC brushless motor (Maxon Motor model EC040-070-38) is used to

turn the rotor. A brushless motor was chosen for: its low electrical noise; its low

maintenance and durability'; and for its excellent speed control. The motor is operated by
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electricalcommutationsthat areproducedby thecontroller(Maxon modelMMC-

EC040036-05P300C).An externalvoltagesourceof O-SVohs,appliedto thecontroller,

is usedto control tilemotorspeedandhencetilepulsingfrequency.Thepulsing

frequencyis detemlinedfrom therotor's rotationalspeed,which is measuredusinga Hall

effect sensorlocatedin themotor. A frequencyto DC converter(PioneerMagnetics,Inc.

modelPMI870) is usedto converttile sensoroutputto avoltage. A buffer isolatedthe

DC converterfrom theHall effect sensor.

A schematicdiagramof the installationof thepulseactuatorin thewind tunnelis

shownin Figure2.6. Two HastingsMassFlow Controllers, model HFC-203D, which

can control flo``v rates up to either 300SLPM or 500SLPM, are installed outside of the

tunnel plenum and regulate the flow entering and exiting the actuator. These flow

controllers both meter and control the mass rio,,,,' rates. Two Hastings Power Supplies

(model 200) are used with the flow controllers. Filtered air at 690/,'N/Hz 2 (lOOpsi) is

supplied to the actuator. The tunnel total pressure is held above 207kN/nz -_(30psia). The

pressure difference between the tunnel and the room allows the room to be used as the

vacuum environment to which the mean air component from the actuator delivery

chamber can be exhausted. A check valve is installed to prevent damage in case the

tunnel is over pressurized.
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Figure 2.6: Flow diagram of actuator system.

The actuator is mounted in the tunnel plenum, just upstream of the cavity. The

wails of the actuator delivery chamber form the tunnel floor and cavity front wall, Figure

2.2. The air exiting from the actuator delivery chamber is introduced into the tunnel

through a slot or pair of holes located 0.25cm (0.1in) upstream of the leading edge of the

cavity. In the experiment, interchangeable plates (configurations R1-LS), that give a

range of hole sizes, shapes, and blowing directions, and a blank plate are examined. The

details of the plates are given in Table 2.1. Each plate has two holes that are spaced

1.52c'm (0.6h2) apart, and are equidistant from the tunnel sidewalls with the exception of a

Spanwise Long slot configuration, configuration LS. The holes have a pitch angle of 90 °
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with respectto thefreestreamdirectionandaskewangle,with respectto thedirectionof

thespanof thecavityof either45° or 90 ° .

Table 2.1: Summary of hole plate characteristics.

Plate Description Width / Length Hole Area Blowing angle
# diameter (skew)

Blank No holes

R 1 Round holes 0.16cm 0.039c,_ 2 90 °

(0.063i,) (0.006i, 2)

R2 Round holes 0.289cm 0.130cm 2 90 °
,..) .(0.113i,) (0.0.0m-)

R3 Round holes 0.32cm 0.158cm 2 90 °
• "3

(0. 125i,) (0.025m')

RA Round 0.16cm 0.039o, 2 45 °

Angled holes (0.063hz) (0.006i, 2)
SS Streamwise 0.16cm 0.41cm 0.120cm 2 90 °

Slots (0.063 i,) (0.16i,) (0.186i, 2)

SSA Streamwise 0.t6cm 0.41cm 0.120o, 2 45 °

Angled Slots (0.063h0 (0.16in) (0.186in 2)
o

LS Long Slot 3.81cm 0.16cm 0.605cm- 90
(1.5i,) (0.063hz) (0.938hz 2)

2.1.4 Instrumentation

2.1.4.1 Wall pressure system

Interchangeable tunnel wall sections form the sidewalls of the cavity model. The

cavity sidewalls are formed by the Schlieren window wall sections. Figure 2.2. during the

hot-wire measurements. The tunnel sidewalls, instrumented with pressure taps, are used

during the measurement of the cavity pressures. The locations of the pressure taps in the

sidewall are shown in Figure 2.7. There are two rows of taps that span the tunnel nozzle

and cavity sections, and a row that spans the cavity opening. Taps are clustered vertically
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neartile cavityopeningut locations3.0c,n(1.2il0 from therearandfront wallsof tile

cavity. Theottaertunnelside`'v.'tllis aminor imageof thetapsshownin Figure2.7.

Along thec:enterlineof thecavity floor, i I pressuretapsareevenlyspacedat intervalsof

1.Sc'm(0.6il0. Fourpressuretaps,offset1.3cJ_z(0.5in) from thecenterline,arelocated

alongthecavity floor 3.0cnz(l.2in) from thefront andrearwalls. Six tapsarelocated

alongthecenterlineof therearwall at0.6c,_(0.25in)intervals;nopressuretapsare

locatedon thefront wall. Pressuretapsarelocatedalongthecenterlineof theceiling and

floor of thediffuser,andspacedatintervalsof 5.1cm(2#0.

Two pressuretransducersareusedin thisexperiment.A differential pressure

transducer(Endevcomodel8507C-2)is locatedon thefloor, 0.13cm(0.05i1_)

downstreamfrom thefront ,,,,'allalongthecenterline,andaseconddifferential pressure

transducer(Endevcomodel8507C-5)is locatedon therearwall, 4.4rambelow thecavity

edgealongthecenterline.Thetransducersare2.42mm(0.095#0in diameter.Themodel

8507C-2transducerhasafrequencyresponseof 70/,'H.:,anddifferential pressurerangeof

O.14atHz(2psi); themodel8507C-5transducerhasa frequencyresponseof 85kH.:,and

differentialpressurerangeof 0.34atm(Spsi).
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Figure 2.7: Wall pressure tap locations of the cavity model.

2.1.4.2 Hot-wire anemometer system

Velocity measurements of the cavity'shear layer were made with a hot-wire

anemometer system. This system is comprised of a hot-v,'ire probe, sting, and

anemometer. A Dantec, right angle probe with a single, 5.0xl0-3mm (0.0002in) platinum

plated tungsten wire is used. The probe is sting-mounted on a traverse system that is

contained within the tunnel plenum. The aerodynamically shaped sting is placed through

the acoustic baffle in the ceiling of the cavity-model; see Figure 2.2. The traverse moves

the probe along the center!ine in the streamwise (X) and cross-streamwise (Z) directions.

A constant temperature anemometer (DISA model 55M10I) with a standard bridge is

used to control the ,,,,,ire voltage.

2.1.4.3 Traverse system

A two-axis traverse system `',,'as used to move the hot-wire probe. The traverse

system consists of two linear stages, and a controller. The linear stages used are Klinger
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Scientific Corp translation stage models MTI60.100 and MTI60.200. The model

MTI60.200 has a 20cm traverse range with a resolution of lO/.t,l and is used to move the

hot-wire in the streamv,'ise direction. Model MT160.100 has a 10cm traverse range with

a resolution of lOum and is used to move the hot-wire in the direction normal to the

freestream. A controller (Klinger CCL2) is used to control both stages.

2.1.5 Data Acquisition System

A network of computers, Figure 2.8, is used to control the instruments and data

acquisition, using programs written in LabVIEW ®. The data acquisition and control

tasks are divided amongst the computers due to the size and memory requirements of the

computer programs. The first computer, "PCT 2", is used to acquire the tunnel

parameters. A second computer, "PCT 1", is used to control the mean-pressure

measurement system (ESP), while the third computer, "PCT 5", is dedicated to the A/D

system (VXI). Both "PCT 1" and "PCT 5"control the pulsed rotary valve actuator

through the data acquisition system (liP 3852A). All data are stored on either the

computer's local hard drive or a Jazz disk, and then transfmTed to recordable CDs.

Mac 8100 i"
"ii

"PCT 1"

f ESP system

Traverse system

HP 3852A

Mac Quadra
800

"PCT 2"

-- Tunnel parameters

PC Pentium I"PCT 5"

-- VXl

-- HP 3852A

--Traverse system

Figure 2.8: Computer network used in the PCT experiments.
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The Electrically Scanned Pressures (ESP) model 8600 system is used to measure

the mean pressures from the 152 wall pressure taps. This system electronically

multiplexes the pressure port channels at speeds of up to 50,000 channels/second. The

modules (pressure scanners) have 32 ports and contain one piezoelectric pressure

transducer per port. Four 17.2 +O.Ol7kN/m'- (2.5 +O.O025psi) modules are used for the

tunnel wall ports; two 68.95 +0.034kN/in-' (lO+O.O05psi) modules are used for the rear

cavity wall and diffuser ports. The ESP system is self-sufficient in that it can calibrate

the transducers internally; this minimizes the effects of temperature and pressure on the

transducer's calibration. To calibrate the modules, a 206.9+0.041 l,N/m 2 (30+O.O06psi)

/ J ")

Pressure Calibrate Unit (PCU) is used for the 68.95kN/m 2 modules, and a 34.)kN/m-

(5+O.O01psi) PCU is used for the 17.2L'N/m 2 modules.

Figure 2.9 shows the details of the data acquisition and control through "PCT 5".

The vxI system, using the Hewlett Packard EI433A digitizer card, is used to acquire the

fluctuating data from the transducers and the hot-wire. Each card can simultaneously

filter and sample 8 channels of data. The VXI system has 16-bit resolution and has phase

matching between channels, within +0.05 ° at lkHz; this is well suited for cross-

conelation analysis.

The Data Acquisition/Control Unit (HP 3852A) is equipped with interchangeable

cards. For this experiment, the digital voltmeter (HP 44701A) is used in con.junction with

two cards: HP 44705F, and HI:' 44727. The HP 44705F card, a 20 channel solid-state

relay multiplexer, is used to acquire the actuator's pressure and temperature from the

Barocel manometer and thermocouple respectively, the flow rates from the flow control
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valves, and the motor speed from the frequency to DC converter. The HP 44727 card, a

4-channel voltage/current controller, which can output voltages from 0-lOvoltx is used to

set the voltages to control the flow rates for the flow control valves, and to control the

motor speed.

PC Pentium 1"PCT 5"

t ff-- cavity rear transducer

[-- cavity floor transducer
[-- actuator transducer
[-- hot-wire: DC voltage
I-- hot-wire: fluctuating voltage

HP _852A I
Tr_v_r_ ._v_m

-- 44701A card

_.actuator pressure _-" ^'_"'°E;axl;
f-actuator temperature
l--flow controller: read supply flow rate

t--flow controller: read vacuum flow rate
f--read motor speed

-- 44727 oard

flow controller: set supply flow rate

flow controller: set vacuum flow rate
set motor speed

Figure 2.9: Overview of PET-5 instrument controls.

2.2 Experimental Procedures

2.2.1 Hot-wire Calibration

Two different calibrations of the hot-wires were conducted. For the bench-top the

calibrations were conducted at elevated pressures.
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2.2.1.1 Wind tunnel hot-wire calibration

The hot-wire used for the cavity shear layer measurements was calibrated in the

PCT. The cavity floor was lowered to be aligned with the st, n'ounding walls and

therefore, no cavity was present. The blank insert plate was also installed on the actuator;

that is no control flow is introduced. The hot-`-vire ,,,,'as positioned just upstream of the

cavity location, see Figure 2. I0. For the calibration, the Mach number `,,,'as varied flom

M_ = 0.05 to M_ = 0.4 using a step size o[ :._XN_I_,= 0.025 at a constant total temperature

and total pressure.

Cavity
rear wall

Cavity floor O .,_

plate

Plenum

access

port

Actuator

Insert

plate

Hot-wire ]

Sting

I Acousticbaffle

Figure 2.10: Hot-wire calibration set-up, with sidewall removed.

2.2.1.2 Bench-top hot-wire calibration

The bench-top hot-wire calibration `-',*asconducted using the jet flow exiting from

a circular cross-section tube. The exiting jet mean velocity profiles are flat, that is a "top-
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hat"shape.The staticpressureat thejet exit wasmeasuredusinganabsolutepressure

transducer(Druck DPI model 140).A 690kN/m2 (lOOpsi) Barocel transducer

(Datametrics model 570 with an electronic manometer, model 1174) was used to measure

the stagnation pressure of the air entering the calibration tube. The measurements from a

pitot-static probe, obtained separately from the hot-wire measurements, were used to

correlate the hot-wire voltage with the jet exit velocity.

2.2.2 Surface Measurements

2.2.2.1 Mean surface pressure measurements

The time-mean wall pressures were measured using the ESP system. After the

tunnel had been brought to condition, the ESP system was calibrated using a standard

five-point calibration. The calibration pressures spanned the expected range of wall

pressures. For each port, 38 I0 data points were measured, and the average of the data

recorded. A fourth-order curve fit was applied to the data for each port. The ESP system

was calibrated after each new tunnel condition. After the ESP system was calibrated, the

wall pressure data were then measured. For each wall port, 6380 data points were

measured and averaged.

2.2.2.2 Unsteady surface pressure measurements

The VXI s)stem was used to obtain the fluctuating pressures from the cavity rear

wall, front floor, and the actuator transducers. The data were band-pass filtered at
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0.01Hz,and4000Hz. Tile samplingrate,,','as

samplespertransducerweretaken.

I0240[tz. For eachtestcondition,51200

2.2.3 Off-Surface Hot-Wire Measurements

The origin of the coordinate system for the cavity hot-wire measurements is at the

front cavity lip, Figure 2.11. The positive streamwise (X) direction is downstream of the

front lip, and the positive cross-streamwise (Z) direction is directed away from the cavity'

into the freestream. A cathetometer was used to position the hot-wire close to the origin

at the beginning of each shear layer profile run. The probe was located 0.66ram (0.026in)

downstream of the flont wall in the X-direction to assure that the wire clears the front

wall of the cavity when the wire was traversed into the cavity.

Flow Z

X

7

Z

Figure 2.11: Cavity coordinate system for the hot-wire traverse.

A coarse, even spaced X-Z grid was used to initially characterize the shear layer.

A finer grid with measurements clustered in the vicinity of the shear layer was then used

to detail the shear layer flow. At each X station, 35 points in the Z-direction, clustered

around the inflection and peak rms locations within the shear layer, were measured.

28



2.2.4 Experimental Conditions

The frcestream Mach number is 0.2; this is a speed representative of an aircraft's

landing speed. The total pressure of 207I,'N/m 2 (30psia) was selected to provide: an

adequate actuator vacuum source which is created by the tunnel-room pressure

differential; an adequate air supply pressure range to the actuator; and at least a 60kN/m _

(lOpsi) pressure differential for the flo\v control valves to operate. This total pressure

,,','as the lower pressure limit, which provides an adequate vacuum with minimal range

reduction for large amplitude blowing. The total temperature is 300°K (80°F). The total

pressure and temperature are held within _+1% and the Mach number _+2%

2.3 Data Processing

2.3.1 Spectrum

The spectra in terms of a Sound Pressure Level (SPL) are computed as follows.

The data are divided into segments 1024 points long, with an overlap of 25%. The mean

is subtracted from each segment. A Harming window is applied to the segment before

using the Fast Fourier Transform (FFT). This pressure data is then converted to SPL by

using

I

SPL = 20log m P

P,.,¢.= 20_tlN/m 2. These ensembles are then averaged together. The frequency resolution

is 10He.. The overall SPL is given when P' is replaced by the Pr,,,.,-.

(2.5)
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2.3.2 Auto and Cross Correlation

Auto,correlation analysis is used to determine the size of the structures, and cross-

conelation analysis to calculate the time delay of events between two stations. The

cross-conelation function for digitized time series, x(nlAt), yOnAt), is given by33:

N - r

I ,Y_,.,.(,,At)y[(,,+ ,-)at] (2.6)k,, (rA0 -
" N -r ,,=1

for time lags of r= 0, 1, 2, ...,,11 with 11l< Nwhere Nis the number of points in the time

series. For the auto-conelation, the same time series is used for both x(mAt) and y(mAt)

in the above equation. Equation 2.6 can be normalized by the square root of each auto-

correlation to give the cross-correlation coefficient:

R.vy (rAt)

/3"D'(rAt) = "_ R_.D,(0)..'

r = 0, 1, 2 ..... nl (2.7)

The normalized values range between -1.0 </3;(rAt) < 1.0. The mean is removed from

the time series before the co_relation is calculated. The calculations are computed using

MATLAB ®.

The coherence betv,'een two time series is a measure of how well the input

con'esponds to the output at each frequency. The values range from 0 to 1; a value of
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zeroindicatesno relationshipbetweenthesignals,anda valueof oneindicatesaconstant

parameter,singleinput/outputlinearsystem.Thecoherence,)7_,(j_), is calculatedby:

._ G,:, (fk)[2
r [:, (fk) = ^

G,., (fk)d _..,.(fk)
k=0, 1,2 .... N/2 (i.8)

where

2 ,i X
&.<:<(f_<)=_ _l _(S,_)l2 (1.9)

is the autospectrum estimate, X is the Fourier transform of x(mAt), and nu is the number

of ensembles. For this analysis, the series was divided into ensembles of 1024 samples

with no overlap. The mean was removed from each ensemble before a Harming window

was applied. The calculations were computed using MATLAB ®. For the baseline

measurement, the coherence values from 40 time samples were averaged together.

The phase angle between two time samples can also be used to compute the time

lag between the signals. This time lag, "r, can be computed by the following relationship:

o,,.(/)
r = " (2.10)

2nf

wherefis the frequency and 0<: is the phase angle. The phase angle is computed by

t real(G,_.) (2.11)0._y = tan -_ imaginary(G,,..)
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For tile bascline measurement, the phase angles determined from 40 time samples were

averaged together.

2.3.3 Bicoherence Estimation

Bispectral analysis was conducted to examine the nonlinear phase coupling

between pairs of frequencies. If there is a nonlinear interaction between waves with

frequencies of fi, fj. and fi + fj, the frequencies are phase coupled. This coupling is

measured as a large value in the bispectrum. The auto-bispectrum is defined by 34' 35

Bxxx(fi,fj) = lira I EIx(fi)X(fj)X*(f i + fj)] (2.12)
T--)_oT

where E[ ] is the expected value, and the asterisk denotes the complex conjugate.

Normalizing Equation 2.12 by the power spect,um produces the auto-bicoherence, b_-_,,

as shown in the equation below. The bicoherence is bound by 0 and 1. A bicoherence

value greater than zero indicates that the frequencies are nonlinearly coupled, while a

zero value indicates that there is no coupling between the frequencies fi, fj, and f_ + fj.

B._:rx(fi, fJ ) 2 (2.13)-)

bV'vx(fi'f J) = E[ X(fi)X(f j)12]E[ X(f i + f j) 2]

Similarly, the cross bispectrum and cross bicoherence values are calculated using the

equations below.

B .,.Cf,,f,)=liml E[x(f,)X(f,)y'(f,.,+_++ + fl)] (2.14)

., BvD,(fi, f j )l 2
b.7xy (fi, fj ) = "+ (2.15)

£[ X(f i )X(f j) 2]El Y(fi + f j >121

32



Thebicoherencecalculationusesa512 pointFFT,which producesafrequency

resolutionof 20H:. An overlapof 50%is usedto obtainmoreaverages.Each

calculationcontains200ensembleaverages.A Hanningwindow is usedin tile analysis

to reducespectralleakage.

2.3.4 Wavelet Analysis

Wavelet analysis is used to examine transients in the cavity frequencies. Fourier

based spectra and bispectra produce details of the flequency content averaged over the

time series that is analyzed; on the other hand, wavelet analysis preserves the time-

dependent details of the frequency content. Wavelets are transformable functions, which

are localized in both time and Fourier space, and have a zero mean. The mother wavelet

is translated and dilated to allow both time and frequency information of the time series

to be examined. Although there are many types of wavelet functions, the complex-

valued, continuous, Morlet wavelet is used here. The Morlet wavelet has been used in

other fluid dynamic applications 36' 37 and is chosen due to its good time and frequency

resolution. The mother Morlet wavelet transform in the time domain is:

(t) = e"°¢ e-H:': (2.16)

where m,j is a constant that forces the function to be admissible. In this work, a value of

5.5 is used. The _Iorlet transform function in the time domain is shown in Figure 2.12.
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Figure 2.12: Morlet mother wavelet.

The dilated wavelet is gi`-'en as:

_,,,_ (t) = a-t"-_( t- z 1 (2.17)
ka)

where a is the wavelet scale parameter. Equations 2.16 and 2.17 are combined into the

continuous wavelet transform, Equation 2.18, to calculate the wavelet coefficients.

W(,,r) = (t)dt (2.18)

The asterisk denotes the complex conjugate. The wavelet coefficients correspond to the

energy density beneath the wavelet function in Fourier space. The dilated Morlet wavelet

is a constant "Q" function, which conserves the total energy density. The drawback of

this feature is that the bandwidth increases with the flequency, which produces a poorer

resolution at high frequencies. This effect can be seen in Figure 2.13 ,,,,'here the scale a=l

indicates the larger frequency.
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Figure 2.13: The effect of scale on the Morlet wavelets in the frequency domain.

The wavelet scaIe and frequency, f, are related by the following equation'

Tw v
f - (2.19)

rcAtNa

where T is the length of the mother wavelet, and N is the number of samples of the

mother wavelet. This equation shoves that the frequency is inversely proportional to the

wavelet scale. The method outlined in Jordan et al. 3s is used to calculate the wavelet

coefficients.

2.4 Actuator Calibration

2.4.1 Calibration Set-up

Since the flow exiting from the actuator into the freestream cannot be measured

during the wind tunnel tests, a bench-top calibration of the actuator was conducted. The

calibration correlated the measured properties in the delivery chamber with the velocities

35



of the jet exiting from the interchangeable hole plates. The bench-top set-up was similar

to the tunnel set-up. Filtered, regulated 6.Satin (lOOpsi) air was used for the high-

pressure air source, while a 12.5m (41fi) vacuum sphere, at pressures 0.04-0.13atm (30-

100/orr), was used as the vacuum source. The hot wire anemometer system described in

section 2.1.4.2 was used to measure the jet velocities. The hot-wire was positioned

within 0.13cm (0.05h0 of the exit and was perpendicular to the exiting flow. An absolute

pressure transducer was used to measure the pressure inside the delivery chamber. An 8

channel A/D converter (Iotech model ADC488/8SA) was used to obtain the fluctuating

data flom the pressure transducer and the hot-wire. The data were filtered using a dual

channel low-pass filter (Stanford Research Systems model SR640). A Data

Acquisition/Control Unit (HP 3852A) was used to measure the actuator parameters.

2.4.2 Calibration Procedures

The actuator was calibrated for both steady blowing and near-zero net mass

oscillatory blowing. During the calibration, unsteady measurements of the pressure in the

delivery chamber and from the hot-wire were taken simultaneously. Average values of

the pressure and temperature within the delivery chamber where also measured and

recorded in conjunction to the unsteady measurements. The actuator was calibrated over

its full range of blowing amplitudes and pulsing frequencies.

The calibration of the actuator was found to be sensitive to its temperature.

Therefore the temperature of the actuator was regulated at 300 + 2°K (80 + 4 °F), which

corresponded to the tunnel total temperature used during the cavity measurements. The
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fluctuatinghot-wirevoltageandthefluctuatingpressuredatawerebothAC coupledand

low passfiltered at4kH:.beforebeingsampledat IOL'H:..Themeanhot-wire voltagewas

measuredby theHP3852A.

Thedimensionlessmeanandfluctuatingmomentumcoefficients,% and<%>,

respectively,wereusedto quantifytheperformanceof theblowing. Thesecoefficients

aregivenas:

pu2 Aj

C_ = --
qA_

(2.1)

pu '2 A, (2.2)
qAr

The area of the front cavity, wall was used as the reference area, A,..

The measured jet velocity, for the steady blowing mode of operation, agreed well

with the jet exit velocity determined from the isentropic relations and the ratio of the

delivery chamber pressure to the ambient pressure. Therefore, the isentropic relations

',,,'ere used to calculate the blowing momentum used in the steady, blowing cavity control

experiments.

2.4.3 Oscillatory Blowing Calibration

For oscillatory blo_ving, the approach developed by Seifert and Pack 2_ was

followed to estimate <%>. Specifically, the relationships:

lt'_ p-

P
(2.3)
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,2 P (--)

P

are used to correlate u', p', and p measured in the bench-top tests with the p'/p measured

in the wind tunnel experiments; <%> could then be estimated. Since the hot-wire cannot

sense flow direction, the hot-wire data were de-rectified using the delivery chamber

pressure signal as a reference. For each forcing frequency, both curve fit relationships,

Equations 2.3 and 2.4, were applied to the unsteady velocity data. Equation 2.3 is used

for the data over the lower pressure range; Equation 2.4 is used for the data over the

higher pressure range. The intersection of the two curves determined the appropriate

range of the two relations.

Calibration data for near-zero net mass oscillatory blowing was obtained for all

hole configurations. The calibration results for the SSA configuration are examined in

this section; these results are similar to the calibration results obtained for the other hole

plates. A sample time trace of the near-zero net mass oscillatory blowing data is shown

in Figure 2.14a with its con'esponding spectra in Figure 2.14b. The measured hot-wire

and de-rectified data, which accounted for the reversed flow, are shown compared with

the pressure data. The forcing frequency of 140Hz appears as the dominant peak in the

spectra. The harmonics of this frequency are also observed and are present due to the on-

off action of the rotor-stator design in the actuator. The relative amplitudes of the

fundamental-to-harmonics are similar for the de-rectified hot-wire and pressure data.

Figure 2.15 shows the relationship between the normalized pressure and unsteady

38



velocity. Thedatacoversarangeof forcingfrequenciesandblowing amplitudesof near-

zeronetmassoscillatoryblowing. Theblowing amplitudeis afunction of boththe

forcing frequencyandinput/outputvolumetricflow rates.Tile blowing amplitudesin

termsof tile momentumflux arepresentedin Figure2.16. Thelargeamplitudepeak

around14011:is dueto theresonantcharacteristicof thedelivery chamber.It is seenthat

anincreasein the input/outputvolumetricflow ratesproducesan increasein theblowing

amplitude.
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Figure 2.14: Velocity and pressure calibration data, ft = 140Ilz, configuration SSA:

a) time trace b) spectra.
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Figure 2.15: Blowing velocity vs. actuator delivery chamber pressure,

configuration SSA.

41



0.002 -

M

0,0016 - "

0.0012J_

<-

o_ 0.0008

0.0004

%0'

Q

O=

IOOSLPM input]output

50SLPM input/output
30SLPM input]output
90SLPM input/output

%. "nl#""l_ _ _m,_,,
IP

i**_ _',p ••••%

1 , I I I ..L I r T ' I , ' I Li-"r_._. *-_
200 300 400 500 600

Forcing frequency (Hz)

, I
7O0
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conditions, configuration SSA.

,-) ._

Figure 2.17 shows a representative calibration using Equations ..._'_ and 2.4 for the

two calibration curve fits with a forcing frequency of 140H=. Fox large values ofp'/p, p'

and u ,2 are linearly related, while for small values ofp'/p, p' and u' are linearly related.

Similar curve fits were applied to the calibration data for all other hole configurations and

forcing frequencies. Figure 2.18 shows a representative sample of data acquired during a

cavity control run. Figure 2.18a shows the measured pressure in the actuator's delivery

chamber while Figure 2.18b shows the unsteady momentum coefficient, determined

using the actuator calibration results. The largest unsteady momentum coefficient for this

hole configuration is 0.002.
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Figure 2.18: Actuator output during cavity test, M = 0.2, configuration SSA:

a) measured p'/p b) calculated <% >.

3 Results

3.1 Characteristics of Baseline Cavity Flow

The Mach number profiles along the tunnel ceiling for a range of conditions are

shown in Figure 3.1. The cavity front wall is located at X/L = 0.0 and the rear wall is at

X/L = 1.0. For the higher Mach numbers, the flow accelerates due to a Iarge separation

bubble that is located .just downstream of the cavity and which obstructs the flow. For

Mach numbers 0.4 and lower, the speed over the cavity section remains essentially

constant.
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Figure 3.1:
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Mach number distribution along the tunnel ceiling. Baseline cavity
flow.

Tile time-mean pressures for the baseline cavity at M,_ = 0.2, Re=6.2xl0a/m are

shown in Figure 3.2. The uniform pressure distribution along the tunnel ceiling in the

vicinity of the cavity indicates that the cavity flow occurs in a near-zero pressure gradient

environment. Along the tunnel floor, the pressure distribution is characteristic of an open

cavity flow. At the middle of the cavity, the flow accelerates due to the large vortex

located at the rear of the cavity. The flow then decelerates upon reaching the rear wall

due to the impinging shear layer as seen by' the large pressure rise. The pressure

distribution along the cavity opening (shear layer) closely follows the floor. However at

the rear of the cavity, the flow does not decelerate as much compared to the floor
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distribution. All of thecavity flow experimentsareconductedat a Machnumberof M= =

0.2 andReynoldsnumberof 9.2×10a/m.
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Figure 3.2: Time-mean pressures. Baseline cavity flow. M_ = 0.2.

The spectra obtained at the front floor and rear wall transducer locations with no

cavity control (baseline) are shown in Figure 3.3. 2201600 points are used to obtain the

spectra, and the spectral resolution is 2Hz. The measured modal frequencies are

compared to the predictions from the Rossiter semi-empirical equation in Table 3.1.

Small differences between the experiment and the semi-empirical equation are observed

and occur primarily for two reasons. First, in the semi-empirical equation a

representative value of 0.66 is used for the convection speed constant,/,',.. However, there

is weak dependence of k, on the magnitude of the resonant frequency, and its value may
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lie in tile range0.5%0.73>. Secondly,thesemi-empiricalequationassumesatv,'o-

dimensionalflow whereasin theexperiment,theflow field is three-dimensionaldueto

thepresenceof thetunnelsidewalls.

It canalsobeseenin Figure3.3that tileoverall pressuresattherearwall are

largerthanat thefloor location. This isdueto thelargerlevelsof turbulenceintensities

in theshearlayer. At therearwall location,theresonantmodesalsohavelarger

amplitudedueto theoscillatorymotionof theshearlayerasit impingeson therearwall.

Thehigherbroadbandlevelsat therearwall comparedto thefront floor, reducethe

amplitudeof thecavity modesrelativeto thebroadbandlevels.

The secondmodehasthelargestamplitudeat both therearandfloor locations.

The focusof thepresentwork is thusto assesstheeffectivenessof blowing in reducing

theamplitudeof thiscavity mode.
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Figure 3.3: Spectra for baseline cavity flow. M. = 0.2.

Table 3.1: Predicted and actual modal frequencies of the baseline cavity flow.

L/D = 4, M_ = 0.2.

Mode f (I/z) f (Hz) D iffe r e n c e

(experiment) (theory)
246 198 24 %

488 463 5 %

724 727 0.4 %

986 992 0.6 %

I S[

2 nd

3 rd

4 th
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3.2 Effectiveness of Control

3.2.1 Steady Blowing

The effect of steady blowing on the dominant second cavity tootle is sho',vn in

Figure 3.4 and Figure 3.5 for the rear ',,,'all and the floor transducer locations,

respectively. Figure 3.4a and Figure 3.5a show the effect of the momentum coefficient,

c_,, on the SPL for all hole configurations; Figure 3.4b and Figure 3.5b show the effect of

the velocity ratio, VR on the SPL; and Figure 3.4c and Figure 3.5c show the effect of the

jet's Reynolds number on the SPL. Along the ),-ordinate, the SPL reduction, AdB, is

defined as the difference betv,'een the SPL with and without blowing, is shown. A

positive AdB indicates an increase in SPL compared to the baseline case while a negative

AdB indicates a decrease in SPL. The uncertainty in the AdB measurements is +ldB. It

is seen that steady blowing is effective in reducing the amplitude of the second cavity

mode for all hole configurations. Overall, steady blowing is more effective at higher

blowing momentums, %, velocity ratios, VR, and Reynolds numbers. It is noteworthy

that the reductions are achieved using relatively small velocity ratios (-1) in contrast to

the flow separation control on a backwards facing ramp using stead), vortex generator jets

(VR -6.8) -'8 and flow separation control on an airfoil using pulsed vortex generator jets

(VR-2-10). 4°

The effect of hole size is seen at both the rear and floor locations by comparing

the results of the R1, R2, and R3 configurations. The reduction for a given momentum

coefficient scales with the hole size; that is the larger hole diameter achieves the largest
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overall SPL reduction. For tile three round hole configurations, the reduction is fairly

insensitive to the VR as seen in Figure 3.4b and Figure 3.5b. The greater reductions

produced by the large diameter holes, R3, may be attributed to tile jet's deeper

penetration into the freestream u In Figcire 3.4c and Figure 3.5c, the data generally

collapse onto one curve when normalized by' the Reynolds number. The exceptions are

the small round hole configurations, R I and RA, and the SSA configuration. The shift

towards higher Reynolds number for the RI configuration indicates that a larger velocity

is needed to produce the same reduction in amplitude when compared to the other hole

configurations. The spectra showing the effect of hole size are shown in Figure 3.6. The

blowing momentum is 0.01. ,4.11of the cavity modes show a decrease in amplitude; the

SPL reduction again scales with the hole size. For the R3 configuration, at the rear

location, steady blowing reduces the broadband levels and redtices the amplitudes of the

resonant modes close to these reduced broadband levels.

The effect of hole geometry' can be seen from the different levels of reduction for

hole configurations R2, SS, and LS (round, streamwise slot, and long slot) in Figure 3.4

and Figure 3.5. Configuration R2 is the most efficient in reducing the SPL at both the

rear and floor wall locations. The LS configuration is not as effective and requires an

order of magnitude larger momentum coefficient to reach the same reduction levels at the

rear and front locations as the configuration R2. However, the LS configuration has the

largest overall redtlction at the rear location for these three configurations. Similar VR

are needed by these configurations to produce the same SPL reductions. A smaller VR

compared to the R2 and SS configurations is needed for the LS configuration to produce
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the largerreductionsin SPL. Forthejet Reynoldsnumber,theLS configurationhasa

largerReynoldsnumberwhentheslot \vidth (spanwise diameter) is used in contrast to

the slot length (streamwise direction)'. Figure 3.7 shows the spectra comparing hole

geometry, using a blowing momentum of 0.01 for each configuration. At the rear

location, the LS configuration amplifies the third mode. The SS configuration has tile

greatest reductions of tile SPL amplitudes at the first, third, and fourth modes. At the

floor location, the LS configuration amplifies the first cavity mode and has minimal

reductions on the other modes. The R2 configuration reduces the amplitude more at the

second mode, and is slightly more effective than the SS configuration for the higher

modes.

The effect of blowing angle is seen in Figure 3.4a and Figure 3.5a by comparing

the R1, RA, SS, and SSA configurations. Blowing at 45 ° (configurations RA and SSA)

is more effective compared to blowing at 90 ° (configurations RI and SS). For the same

momentum coefficient, blowing at 45 ° produces a larger reduction in the SPL and a

greater overall reduction in the SPL. Figure 3.4b and Figure 3.5b show that a lower VR

is needed for blo'aing at an angle to produce the same reduction in SPL. Examining

Figure 3.4c and Figure 3.5c, a lov,'er Re is needed for blowing at 45 ° to produce the same

amount of SPL reduction. This decrease is due to the lower velocities required by

blowing at an angle. Figure 3.8 sho_vs the effect of the blowing angle on the spectra.

Blowing both at an angle and at 90 ° is successful in reducing the SPL at all four modes;

" Even with the latter dimension, the data of the LS configuration do not collapse onto the
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however,blowing at45° is moreeffective. At therearlocation,tileSSAconfiguration

reducestheoverallbroadbandlevelsandsuppressescompletelytheresonantmodes.For

theRA configuration,themodalamplitudeshavebeenreduced,however,tile modesare

still apparent.Tile greaterreductionin SPLfor blowingat 45° is dueto theadditional

vorticity thattheskewedjetsproducecomparedto 90° blowing.

Overall,configurationSSA isthemosteffectiveholeconfigurationfor steady

blowing. This configuraiionhasthegreatestoverall reductionin SPLat boththerearand

floor locations. Thepeaksof tile resonantmodesarereducedto thebroadbandlevelsat

therearlocationandaresubstantiallyreducedat thefloor location. Furthermore,skewed

blowing requiresalowervelocity to achievethesereductionscomparedto perpendicular

blowing. Blowing momentumcoefficientsof theorder lx 102 arerequiredto accomplish

theseeffects.

dataof theotherconfigurations.
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3.2.2 Zero-Net Mass Oscillatory Blowing

3.2.2.1 Effect of forcing frequency

The contour plots of the spectra in Figure 3.9 and Figure 3.10 show the effect of

forcing frequency. The forcing frequency covers a range of 100H.7. to 620H;.. No data

are available over the range of forcing frequencies that show no contour values. The data

presented are from the configuration SSA. The sequence of plots show different

amplitudes of blowing at the rear wall and floor locations: Figure 3.9and Figure 3.10a a

for <clt > = 2x10-6: Figure 3.9b and Figure 3.10b for <% > = 2x105; Figure 3.9c and

Figure 3.10c for <% > =2x104; Figure 3.9d and Figure 3.10d for <% > =2x10 -3. The

signature of the forcing frequency is seen by the high amplitude line along forcing

frecl_elzcy =freq.e, cy. The additional high amplitude diagonal lines seen in Figure 3.9c-

d and Figure 3.10c-d indicate the harmonics of the forcing frequency. The amplitude of

the forcing frequencies and their harmonics increase with increasing momentum

coefficient. It is seen that the resonant cavity modes are more effectively suppressed with

increasing momentum coefficient. Forcing at frequencies higher than 500H:. is the most

effective in reducing the SPL of the second mode.
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Figure3.11andFigure3.12summarizetheeffectivenessof near-zeronetmass

oscillatoryblowing. The reductionof theSPLamplitudeof thesecondcavity modeis

examinedandtheresultsfor threeforcing frequencies,200H,:,400He,and550ti;:,are

shown. With a forcing frequencyof 200/tc,Figure3.11aandFigure3.12a,all

configurationsshowasimilareffectivenessandsignificantSPLreductionsareachieved

with anunsteadymomentumcoefficientof Ixl0 3 or higher. ConfigurationsSS,SSA,

LS, andR3 have the largest reductions, 8dB, at the rear location; configuration LS has the

largest reduction, 12dB, at the floor location. The oscillatory blowing is more effective

when the forcing is at 400Hz, Figure 3.1 lb and Figure 3.12b. Significant reductions in

SPL at both locations occur with an unsteady momentum coefficient of lxl0 -a, which is

an order of magnitude smaller than the previous case. Configurations SS, SSA, LS, and

R3 have reductions of 13dB and 9dB at the rear and floor locations respectively. The

most effective oscillatory blov,'ing is obtained using a forcing frequency of 550H:., Figure

3. I lc and Figure 3.12c. Significant reductions in SPL are obtained with an unsteady

momentum coefficients, as small as lxl0 5.

3.2.2.2 Effect of hole geometry

The effect of hole size can be seen by, comparing the results of configurations R1,

R2, and R3 in Figure 3.1 lc and Figure 3.12c. The SPL reductions scales with the hole

size. Blowing v:ith the small round holes, configuration R 1, is the least effective and

yields reductions only of ldB and 3dB at the rear and floor locations. Configuration R3,

large round holes configuration, is more effective and reductions of 8dB and 12riB at the
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rearandfloor locations,respectively,aremeasured.Figure3.13showsthespectrafo_

thesethreeholeconfigurationswith < % >= lxl0 5 andff= 550H::.The signatureof the

550H:_forcingfrequencyisclearlyseenandbecomesmorepronouncedwith increasing

The SPLreductionof thesecondcavitymodeincreaseswith increasingholeholesize.

size.

Theeffectof holeshapecanbeseenby comparingtheresultsfor configurations

R2,SS,andLS, inFigure3.11candFigure3.12c. At therearlocation, theLS andSS

configm'ationsarethemosteffectiveandreducethesecondmodeby 8dBwith < % >=

lxl0 6. TheLS configurationis moreeffectivein reducingthesecondcavity modeat the

floor locationandyieldsthemaximunaSPLreductionof 13dBat<% >= lxl0 6. TheR2

configurationis notaseffective,andachievesaSPLreductionof 6dBattherear,and

1ldB at thefloor locations. Figure3.14aandb showsthespectrafor thethree

configurationsR2,SS,andLS at <%>= 1×10-5. Similar to thepreviouscase,theforcing

frequencyof 550H.:is seenandthe SPLreductionof thesecondmodeincreaseswith the

increasein amplitudeat theforcingfrequency.TheLS configurationshowstheonly

significantdecreaseatthethird modeatboth locations.For thefirst modeandthe

broadbandlevelsatthe lower frequencies,bothSSandLS configurationsincreasethe

anaplitude;theLS producethelal"gestincreaseof 4dB at bothlocations.

Theeffectof theblowingangleis examinedby comparingtheresultsof

configurationsRI, RA, SS,andSSA,Figure3.1lc andFigure3.12c. The measuredSPL

reductions of the small round holes configurations (R1 and RAy show that blowing at 45 °

is more effective. The streamwise slots however show that blowing at 45 ° is not as
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effective and with bloveing levels greater than < c_t >= Ix 10-4, tile two slot configurations

achieve similar SPL reductions of 8dB and 14dB at the rear and floor locations

respectively, The corresponding spectra are shown in Figure 3, 15a and b.
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3.3 Auto Correlation Analysis

3.3.1 Baseline

Auto-coneiation analysis and the spectra both describe the periodic nature of the

cavity flow. However, the results of auto-correlation analysis are presented in the time

domain. This presentation allows the effect of blowing on the relative size of the large-

scale structures to be assessed.

Figure 3.16 shows the auto-conelations for the baseline case. The sinusoidal

character with near constant amplitude peaks indicates the strongly periodic nature of the

cavity flow. The time lag ('r = 2.05msec) at the first peak indicates that the second mode

(490H;: = 1/'r) dominates the periodicity of the flow. The relatively low amplitude of the

peaks is indicative of the relatively' large broadband background on which the periodic

flow is superimposed. At the rear location, the amplitudes are lower due to the higher

levels of the turbulence intensity in the impinging shear layer. The first zero crossing of

the auto-correlation occurs at a larger time lag for the rear wall compared to ttae floor.

This difference indicates that the size of the large-scale shear layer structures at the real-

wall is larger than those at the front of the cavity.
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Figure 3.16: Baseline auto-correlations of rear and floor locations.

3.3.2 Steady Blowing

The effect of hole size is examined in Figure 3.17. The momentum coefficient is

c_, = 0.01. With increasing hole size, the periodicity, of the auto-correlation and the

amplitudes in the peaks of the at, to-correlation decrease. The reduced periodicity is

indicative of a modification to the feedback loop in the cavity flow and the lessened

influence of the second cavity mode. At a given time delay, for example z ---0.8ms, the

higher con'elation coefficients suggest that the large-scale structures are larger. The

small holes, configuration R l, shove a modest increase compared to the baseline, whereas

the larger hole configurations show the larger increases in size. The reduced variation in
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the amplitudes suggests higher broadband levels relative to the resonant peaks as

previously seen in the spectra.

The effect of hole shape is examined in Figure 3.18, The momentum coefficient

is % = 0.01. The periodicity and the amplitude in the autoocorrelation are reduced for all

three hole conl'igurations. The results suggest that the round hole, configuration R3, and

streamwise slot, configuration SS, are more effective than the LS configuration in

changing the character of the cavity flow.

Figure 3.19 shows the effect of blowing angle. The blowing at 45 ° using the

streamwise slots is seen to have the most pronounced effect on the dynamics of the

cavity. At the mar location, the effect of blowing angle shows results similar to those

observed in the spectra. Blowing at an angle, configurations RA and SSA, produces the

largest change.
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3.3.3 Zero Net Mass Oscillatory Blowing

Figure 3.20 shows the effect of hole size using near-zero net mass oscillatory

blowing. The momentum coefficient is <%> = lxl0 -_ and forcing frequency is 550H:..

At the rear location, the amplitudes of the peaks with blowing are similar to the baseline

case. This confirms the observation in the spectra that tile broadband levels do not

increase with oscillatory b!ov, ing. For the large hole configuration R3, the location of the

first peak in the auto-conelation is shifted to "r = 1.8msec indicating that the dominant

frequency is the forcing frequency.

Figure 3.21 shows the effect of hole shape. The forcing frequency modifies the

periodicity of the cavity flow with control, as is seen by the shift in the location of the

first peak at both the floor and rear wall locations. The periodicity is more pronounced at

the floor location for the long slot, configuration LS.

Figure 3.22 shows the effect of blowing angle. For the round hole configurations,

blowing at 45 °, configuration RA, improves the effectiveness of the oscillatory blowing

in comparison to the normal configuration R 1. For the streamwise slots configurations

SS and SSA, blowing is effective, however, blowing at 45 ° produces the largest change

in the dynamics of the cavity flow.
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3.4 Cross Correlation Analysis

Cross-correlation analysis, using the fluctuating pressure data at the floor and rear

wall, was usecl to assess the effects of the jet blowing on the timing of events within the

cavity'. The coherence and the phase lag were also examined to further quantify the

changes in the character of the cavity flow.

3.4.1 Baseline

Figure 3.23 shows the cross-correlation coefficient, the coherence, and the phase

angle. In the plot of the cross-con'elation coefficient, the peaks with a positive time lag

indicate at wave traveling from the rear wall location to the front floor location. These

peaks are said to be in quadrant I and the waves are refen'ed to as forward traveling

waves. The peaks with negative time lags occur in quadrant II and denote rearward

traveling waves, which are waves traveling from the front towards the rear. The

convection velocity of the wave is calculated as the ratio of the distance between the two

measurement locations and the time lag at the peak amplitude. The time lag of the first

peak location ('_ ---0.2msec) in quadrant I corresponds to a forward wave traveling at the

speed of sound. The time lag of the first peak location (z = 1.9msec) in quadrant II does

not have a physical meaning, as the corresponding convection speed is faster than the

freestrearn velocity'. The next peak at z=3.9msec, which has the largest amplitude in

quadrant II, corresponds to a convection velocity of 39m/s, 55% of the freestream speed.

This speed is less than the value of k,= 0.66 that is used in the Rossiter equation. The

amplitudes of the cross-correlation coefficients are relatively low due to the large
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broadbandlevels. In Figure3.23b,tile first four cavity modes,246/:1::,488H_.,722H::.

and990H:.,canclearlybe identifiedastheyhavelargevahiesof coherence.The

coherenceis mostpronouncedat thesecondcavitymode,andleastpronotlncedatthe

first mode. Thephaselag is shownin Figure3.23c. Although tile two transducersare

notphasematched,wecaninfer detailsof thewavepropagation.Thephaseshowsa

positiveslopefor frequencieslessthan300Hz,andnegativeslopesfor frequenciesabove

3001-I_..Thepositiveslopesuggeststhatdominantflow is from therear,,vaillocationto

thefront floor locationandanegativeslopetheconverse.Thuswecaninfer that thefirst

cavity mode(246H.:)is aforwardtravelingacousticwaveandthehighercavitymodes

arerearwardtravelingvortical disturbances.Thephasedataabove1300H.:arenotsuited

for analysis.Thesedatacontainerrorsdueto thewrappingof valuescloseto rt and -TO.

As the data are ensemble averaged resulting in phase angles less than ire[, the wrapping

effect is accentuated.
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Figure 3.23: Baseline relationship between the rear and floor transducers.
a) cross-correlation b)coherence c) phase angle.
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3.4.2 Steady Blowing

The effect of steady blowing is examined in Figure 3.24 through Figure 3.26. The

bloveing momentum coefficient is 0.001. The effect of hole size is examined in Figure

3.24. In Figure 3.24a, the location of the peaks in the cross-correlations are unchanged

indicating that steady blowing has no effect on the timing of the wave propagation. The

coherence shown in Figure 3.24b indicates that the coherence of the cavity modes is

reduced; the effect is most pronounced with the largest hole, configuration R3. The

phase angle presented in Figure 3.24c, indicate that the basic wave propagation

characteristics are unaffected by steady' blowing.

The effect of hole shape is shown in Figure 3.25. The timing of the forward

traveling wave, quadrant I, and rearward traveling wave, in quadrant II, as inferred from

the physical significant peaks are not altered. The round hole, configuration R3, is the

least coherent for all cavity modes. For the long slot, configuration LS, the first and third

modes have a larger coherence between the rear and floor locations. The coherence is

slightly reduced at the cavity modes for" the streamwise slot, configuration SS. The third

mode for both slot configurations (SS and LS) has shifted from 730Hz to 710H z. The

phase angle shown in Figure 3.25c, indicates that there are no significant changes in the

wave structure.

The effect of the blowing angle is shown in Figure 3.26. In Figure 3.26a for

quadrant I, the time lag location of the first peak of the cross-correlation is not altered for

the different blowing cases; therefore: the rearward traveling wave is propagating at the

sound speed. For the forward traveling waves, quadrant II, the time lag location for the
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secondpeakalsohasnot beenaltered,hencethepropagationspeedis unchanged.In

Figure3.26b,blowing at45° (RA andSSA configurations) produces a much lov,'er

coherence at the cavity resonant frequencies. For the second cavity mode, the SSA

configuration has no significant coherence between the rear and floor locations. In

Figure 3.26c, there is no change in the phase angle for the different blowing cases,

suggesting that steady blowing does not alter the wave structure.

Steady blowing does not alter the timing of cavity events for either the forward 01

rearward traveling waves. The coherence amplitudes at the cavity resonant frequencies

are dependent upon the hole plate configuration. The streamwise angled slot,

configuration SSA, has the largest reduction for the second resonant mode. The long slot

increases the coherence for the first and third modes. For all other configurations, the

coherence has decreased at all cavity modes. The least reduction is produced by the

small round holes, configuration RI. For all steady blowing cases, the phase angles are

unaltered, which suggests that blowing does not alter the wave structure.
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3.4.3 Zero Net Mass Oscillatory Blowing

The effect of near-zero oscillatory blowing is shown in Figure 3.27 through

Figure 3.29. For all cases, the unsteady momentum coefficient is <% >= lxl0 -5 and

forcing frequency is f_= 550H_. The effect of hole size is examined in Figure 3.27. In

Figure 3.27a, the cross-correlation for the three round hole configurations are compared

to the baseline. In quadrant I, the location of the first peak is unchanged compared to the

baseline, indicating that the rearward traveling acoustic wave is moving at the speed of

sound. The forward traveling wave, denoted by the peak in quadrant II, however,

changes with blowing. With configuration R3, the time lag at the second peak location is

z=3.3msec which corresponds to a propagation speed at 66% of the freestream velocity.

In Figure 3.27b, the forcing frequency and its higher harmonics have a high coherence

value with the configurations R2 and R3, but for the small sized hole, configuration R1,

there is little changed in the coherence. The larger hole configuration R3, significantly

reduces the coherence at the second, third, and fourth modes indicating that the

oscillatory blowing control is effective in disrupting the feedback loop. In Figure 3.27c,

the distribution of phase shows no significant changes compared to the baseline for the

three blowing cases. This result suggests that the wave structure is unaltered.

The effect of hole shape is shown in Figure 3.28. The results show no change in

the propagation of the acoustic wave, and that the vortical disturbances are now

convected at 66% of the freestream speed. In Figure 3.28b, the level of the coherence at

the second cavity mode, 490Hz, is significantly reduced for all three hole configurations.

90



The longslot,configurationLS, alsohasthe lowest coherence level at tile thiM mode,

73011:. In Figure 3.28c, it is seen that blowing does not modify tile wave structure.

Ttle effect of blowing angle is shown in Figure 3.29. Tile blowing at 45 ° has an

effect on the propagation of the forward traveling waves, Figure 3.29a. The coherence

for the second mode is reduced slightly, and the angled round hole, configuration RA, has

a lower coherence than the normal blov,'ing round hole, configuration R 1. The opposite

is true for the slot configuration in which the blowing at 45 ° yields a lower coherence

Figure 3.29b. The phase angle, Figure 3.29c, shows no significant changes compared to

the baseline case.

When effective, we observe that near-zero, net-mass oscillatory blowing changes

the propagation of the vortical v,'aves. The blowing control has no effect on the

propagation of the acoustic waves and the basic wave structure in the cavity flow is not

modified.
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Figure 3.29: Effect of blowing angle on the relationship between tile rear and floor

transducers using oscillatory blowing; ff = 550Hz, <% >= lxl0 5.

a) cross-correlation b) coherence c) phase angle.

3.5 Bispectral Analysis

Bispectral analysis quantifies the quadratic phase coupling between frequency

pairs. The quadratic phase coupling is important in fluid dynamics due to the quadratic

ft. Vff terms in the Navier-Stokes equation. Furthermore, nonlinear phase interactions are

a mechanism by which energy can transfer between waves or modes. In turbulent shear

layers and wakes, the energy transfer is usually accomplished through sum and difference

components of the most unstable modes 35' 42.

Due to the symmetry properties of the auto and the cross bicoherence, the data

plotted in the shaded region of Figure 3.30 is unique. Bicoherence values equal to one

indicate that the frequency pairs are perfectly phase coupled, values less than one indicate

that the pairs are weakly coupled, and values equal to zero indicate that they are not

coupled. In the subsequent analysis, f_, f2, f3, and f4 refer to the first (240Hz), second

(480Hz), third (720Hz), and fourth (980Hz) cavity modes, respectively.
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Figure 3.30:

fj= "fi

Symmetry properties of auto and cross bicoherence.

3.5.1 Baseline

The auto-bicoherence of the baseline cavity flow is shown in Figure 3.31. The

range of frequencies for which the bicoherence values are plotted is OHz to 1500Hz. For

frequencies above 1500Hz, the bicoherence levels are negligible. Overall, the

bicoherence levels at the floor location are much higher than at the rear; this may be

attributed to the larger amplitudes of the cavity modes relative to the broadband levels.

At the rear wall location, the most elevated bicoherence levels at (f,, f2) indicate that the

second cavity mode is phase coupled to its harmonic (fi + fj= 960Hz). Additional

nonlinear interactions are observed that lie along horizontal and vertical lines, as well as

along the diagonal lines fi + fj= constam. Along the vertical line (f2, fj) the significant

nonlinear interaction is of the second cavity mode with a low frequency (fj= 40Hz); this

low frequency interaction suggests that nonlinear interactions occur across the broad
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sidebandsof tile secondcavity mode. Anothernonlinearinteractionis observedalongthe

verticalline (f2, fj), andthis interactionis alsolocatedon thediagonalline f: + fj= 620Hz.

Thepeaksatf= 140Hzandf= 620H.:areobservedin thespectra.Along thediagonalline

anonlinearinteractionis observedat(fi =400Hz,fj =220/-/,7).Additional nonlinear

interactionsareobservedat (f, =780He,fj =270He)and(fi =920H:.,fj =130H:.)andlie

alongthediagonalline fi + fj= 1050Hz.

At thefloor location,thespectrashowmultiplepeaksthat areassociatedwith

severalnonlinearinteractionsobservedin theplot of bicoherence,Figure3.3lb. The(f2,

f2)nonlinearinteractionis themostpronounced.The secondsignificantbicoherence

peakat (f_, f_)suggeststhatthefirst cavity modeis phasecoupledwith thesecondcavity

mode(fi + f)= 480H.7.). Another significant peak of elevated bicoherence is observed

along the vertical line (f2, fj) and, suggests that the second cavity mode is weakly phase

coupled with the first cavity mode to generate the third cavity mode (fi + fj= 720Hz). The

spectra in Figure 3.3, shows additional peaks near the first and third modes at 244Hz and

732Hz. Due to the limited resolution of the bicoherence, and since true cavity modes are

independent of one another, these peaks instead of the cavity modes are produced by the

aforementioned interactions with the second mode. The low bicoherence level along the

horizontal line (fi, f2) indicates that the second cavity mode is interacting with a non-

resonant frequency (fj= 620H.:) to produce an additional nonlinear interaction mode.

These nonlinear interactions are identifiable in the spectra, Figure 3.3.

The cross-bicoherence of the baseline cavity flow is shown in Figure 3.32. The

most elevated level the cross-bicoherence occurs at (2f2, -f2) and a significant peak is also
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seenat (f2, f2). Additional peaks are observed along the diagonal line, fj = fi- f2. It is

thus evident that the second cavity mode drives the nonlinear interactions in the baseline

cavity flow.
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3.5.2 Steady Blowing

The effect of stead)' blowing is examined in the auto-bicoherence presented in

Figure 3.33 and Figure 3.34 and the cross bicoherence presented in Figure 3.35. The

momentum coefficient is %= 0.01. At the rear and floor locations it is seen that the

steady blowing disrupts the nonlinear interactions arising from the second mode for all

plate configurations with the exception of the small round hole configuration,

configuration R1 at the floor location, and the long slot, configuration LS. The strength

of the interaction is weaker in the configuration R1 compared with the baseline case; for
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tile configurationLS thenonlinearinteractionsobservedin thebaselinecavity flow are

not weakenecl.

Thespectrapresentedin Figure3.7confirmthattheconfigurationLS is the least

effectivein suppressingthesecondcavitymode. A comparisonof thebicoherencewith

theresultsfor thebaselinecavity flow alsoshowsthat theLS configurationis the least

effective in modifying thecavity flow. Thecross-bicoherenceis presentedin Figure

3.35. Thedatashowthatthenonlinearinteractionsdrivenby thesecondcavitymode

remainsignificantwith theconfigurationLS, whereastheconfigurationswith blowing at

45° arethemosteffectivein suppressingthenonlinearinteractions.
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Figure 3.33: Auto bicoherence for steady blowing: rear wall location.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,
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Figure 3.34: Auto bicoherence for stead)' blowing: front floor location.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,

e) configuration SS, f) configuration SSA, g) configuration LS.
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Figure 3.35: Cross-bicoherence using stead)' blowing: Rear and floor locations.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,

e) configuration SS, f) configuration SSA, g) configuration LS.
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3.5.3 Zero Net Mass Oscillatory Blowing

The auto-bicoherence and cross-bicoherence is shown in Figure 3.36, Figure 3.37,

and Figure 3.38. The unsteady momentum coefficient is <%> =lxl0 -5 and the forcing

frequency is 550H::. The bicoherence results at the rear wall, Figure 3.36, show that tile

forcing of tile oscillatory blowing generates nonlinear interactions that are now the

dominant feature of the cavity' flow. The most elevated bicoherence levels occur at

(550Hz, 550H:.), and additional nonlinear interactions are observed along the vertical line

(550Hz., fj), the horizontal line (fi, 550Hz), and the diagonal line fi + fj =550Hz. These

nonlinear interactions are most pronounced in the cases where the oscillatory blowing is

most effective, namely the configurations R3, RA, SS and LS. At the floor, Figure 3.37,

the bicoherence results also show that the nonlinear interactions generated by the forcing

are the dominant feature of the cavity flow, and that the oscillatory blowing is effective in

suppressing the second cavity,' mode. The cross-bicoherence results are presented in

Figure 3.38, and they show that the configurations R3, RA, SS, SSA and LS are

dominated by nonlinear interactions of the forcing frequency; in particular elevated levels

of bicoherence are observed at (550H:., 550Hz), and along the diagonal line fj + fi = - f2.

In the cases of the configurations R1 and R2, where the oscillatory' blowing the second

cavity mode nonlinear interactions remain dominant.
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Figure 3.36: Auto-bicoherence using oscillatory blowing: Rear location.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,
e) configuration SS, f) configuration SSA, g) configuration LS.
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Figure 3.37: Auto-bicoherence using oscillatory blowing: Floor location.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,

e) configuration SS, f) configuration SSA, g) configuration LS.
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Figure 3.38: Cross-bicoherence using oscillatory blowing: Rear and floor locations.

a) configuration R1, b) configuration R2, c) configuration R3, d) configuration RA,

e) configuration SS, t3 configuration SSA, g) configuration LS.

3.6 Wavelet Analysis

Previous work 43 has shown that mode switching amongst the first three cavity

modes is a feature of the cavity resonance. Thus, the wavelet technique was used to

examine the effect of steady and oscillatory blowing on the mode-switching behavior.

3.6.1 Baseline

The contours of the wavelet coefficients are shown in Figure 3.39. The

magnitude of tile wavelet coefficients corresponds to the energy density in the frequency

band. In Figure 3.39a, the first two cavity modes, centered on frequencies of 250Hz and

49011z, are seen to undergo relatively large variations in amplitude. The third cavity

mode, 730Hz, is also modulated but with smaller variations. The time series traces of

wavelet coefficients at the three cavity modes are plotted in Figure 3.39b. For each time
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trace,themeanof thecoefficientsaresubtractedandonly'thefluctuationof the

coefficientsaboutthemeanareshown. Theamplitudemodulationof all tile cavity

modesis seenandthemode-switchingbehavioris alsoevident.

Thecorlespondingdatafor thefloor locationareshownin Figure3.40. The

magnitudesof thewaveletcoefficientat thefloor locationaremuchlower thanat thereal

wall location. All threecavity modesareamplitudemodulated,thatis modeswitchingis

observed.

TheFourierspectraof thewaveletcoefficientsof eachcavity modeareshownin

Figure 3.41. The time series of wavelet coefficients consisted of 51200 data points and

the spectral resolution is 5H,:. At the rear ,,','all location, Figure 3.41a, the spectra show a

peak at 10Hz for the second cavity mode and 15He for the first and third cavity modes.

The spectra at the floor location show similar results Figure 3.41b. These data indicate

that the frequency of the amplitude modulation in the baseline cavity flow is 151-17,.

119



(a) 1400

1200

20O

w

4.8

4.3
38
3.3
28
2.3
1.8
t.3
0.8
0.3

0.15 0.2 0.25 0.3
Time (s)

(b)

_" 2

0

-I

° |

20.1

f=250 Hz
f=490 Hz

....... f=730 Hz

' t,'_ t,'I':'t,,,v!t'L_
t. ,_ A

, s .,i(iq_l[tl-_

l i i , I .... I .... [ .... I
0.15 0.2 0.25 0.3

Time (s)

Figure 3.39: Baseline time series of wavelet coefficients at the rear wall:

a) frequency map, b) modal frequencies.
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a) frequency map, b) modal frequencies.
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Figure 3.41: Spectra of the baseline wavelet coefficients of the modal frequencies:

a) rear wall, b) front floor.

3.6.2 Steady Blowing

The contours of the wavelet coefficients for the SSA configuration with a blowing

momentum coefficient of % = 0.01 are shown in Figure 3.42. These data are

representative of the steady blowing cases. The overall character of the contours is

similar to the baseline cavity flow. The mode switching behavior of the three cavity

modes is observed in the presence of steady blowing.
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Figure 3.42: Wavelet coefficients at rear wall location with steady blowing:

% = 0.01, configuration SSA.
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The Fourier spectra of the wavelet coefficients for the seven hole configurations are

presented in Figure 3.43 through Figure 3.49. The blowing momentum coefficient is % =

0.01.

The steady blowing reduces the peak-to-peak variations in the amplitude of the

second cavity mode for the smaller round holes, configurations R1 and R2, Figure 3.43

and Figure 3.44. However, the steady blowing does not change the frequency of the

anaplitude modulation of all three cavity modes. The steady blowing through the large

round holes, configuration R3, has a marked effect on the mode switching behavior as

seen in Figure 3.45. In comparison to the smaller round hole configurations, the spectral

amplitudes of the second and third modes are greatly reduced. Furthermore the

frequency of the modulation of the second cavity mode is shifted to 35/-Iz. The effect of

steady blowing at angle through a round hole, configuration RA, is seen in Figure 3.46.

The spectra show no distinct peaks indicating that the steady blowing is more effective in

suppressing the cavity resonance.

The effect of steady blowing through the streamwise holes, configurations SS and

SSA, is examined in Figure 3.47 and Figure 3.48. The amplitude modulation of the

second cavity mode is clearly seen to be reduced, and the blowing at an angle is observed

to be more effective than the blowing at a normal. For the configuration SS, the

frequency of modulation occurs at 20[-lz, and for the configuration SSA, a small

amplitude peak is observed at 55Hz. The distribution of energy across the spectra for the

third mode is reduced for both blowing configurations, but substantially more for the
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configurationSSA. On theotherhand,thereis little changein thespectrafor thefirst

mode.

Theeffectof steadyblowing on themodeswitchingbehaviorfor theconfiguration

LS is shownin Figure3.49. The amplitudemodulationof thesecondcavity modeis

decreased,andthereis little effecton thefirst andthirdcavity modes.
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Figure 3.43: Fourier spectra of wavelet coefficients at the rear wall location with

stead)' blowing control: % = 0.01, configuration R1.
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Figure 3.44: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: c u = 0.01, configuration R2.
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Figure 3.45: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: cu = 0.01, configuration R3.
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Figure 3.46: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: c_ = 0.01, configuration RA.
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Figure 3.47: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: c_ = 0.01, configuration SS.
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Figure 3.48: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: cg = 0.01, configuration SSA.
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Figure 3.49: Fourier spectra of wavelet coefficients at the rear wall location with

steady blowing control: c# = 0.01, configuration LS.
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3.6.3 Near-Zero Net Mass Oscillatory Blowing

The contours of the wavelet coefficients for the SSA configuration with near-zero

net mass oscillatory' blowing control are shown in Figure 3.50. The unsteady blowing

momentum coefficient and forcing frequency are lxl0 5 and 550H=, respectively. These

data are representative of the near-zero net mass oscillatory blowing cases. The mode

switching behavior of the cavity flow is still observed, as well as an additional

modulation at the forcing frequency.
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Figure 3.50: Wavelet coefficients at the rear wall location using oscillatory blowing;

< % > = lxl0 "5, ff = 550Hz, configuration SSA.

The Fourier spectra of the wavelet coefficients of the three cavity' modes and

forcing frequency' for the seven hole configurations are presented in Figure 3.51 through
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Figure 3.57. The data are from the rear wall location, the unsteady blowing momentum

coefficient is < % > = 1×10 .5 and the forcing frequency is 550Hz.

For all hole configurations the oscillatory blowing is effective in redticing the

modulation of the second cavity mode, and the modulation of the other two cavity modes.

An exception is the configuration LS, where a significant increase in the amplitude

modulation of the first cavity mode is observed. For all configurations, the wavelet

coefficients at the forcing frequency are increased with the blowing.
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Figure 3.51: Fourier spectra of wavelet coefficients at the rear wall location using

oscillator)' blowing control: < % > = lxl0 "s, fr = 550Hz, configuration R1.
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Figure 3.52: Fourier spectra of wavelet coefficients at the rear wall location using

oscillatory blowing control: < c_ > = lxl0 "s, fr = 550Hz, configuration R2.
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Figure 3.53: Fourier spectra of wavelet coefficients at the rear wall location using

oscillator)' blowing control: < % > = lxl0 s, fr = 550Hz, configuration R3.
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Figure 3.54: Fourier spectra of wavelet coefficients at the rear wall location using

oscillator)' blowing Control: < % > = lxl0 "5, ff = 550Hz, configuration RA.
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Figure 3.55: Fourier spectra of wavelet coefficients at the rear wall location using

oscillatory blowing control: < % > = 1×10 s, fr = 550Hz, configuration SS.
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Figure 3.56: Fourier spectra of wavelet coefficients at the rear wall location using

oscillatory blowing control: < % > = lxl0 "s, ff = 550Hz, configuration SSA.
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Figure 3.57: Fourier spectra of wavelet coefficients at the rear wall location using

oscillator)' blowing control: < % > = 1×10 5, ff = 550Hz, configuration LS.

133



3.7 Shear Layer Measurements

Hot-wire measurements of the cavity' shear layer were conducted for the baseline,

and selected control cases. These selected steady and near-zero net mass oscillatory

blowing control cases examined the effect of the momentum coefficient and blowing

angle on the shear layer profiles.

3.7.1 Baseline

The mean and rms velocity and profiles at three stations, X=0, 20, and 50ram are

shown in Figure 3.58. Positive Z values indicate locations outside of the cavity; and

negative Z values indicate locations within the cavity. The velocities are normalized by

the freestream velocity. The mean velocity profiles at X=0mm, exhibits the fullness

typical of a turbulent boundary layer. The boundary layer thickness at this location is

approximately 6ram and the turbulence intensity of the freestream is 0.6 %. The peak

rms velocity is located at Z= 0.05ram and is 6% of the freestream velocity. At X=20nzm,

the mean velocity' profile more closely resembles that of a shear layer. The peak rms

velocity is 16% of the freestream, and is located at Z = -0.05ram. The shear layer spans a

height from Z=-4mm to Z=4mm. At X=50mm, the shear layer is broader and spans from

Z=-10mm to Z=Smm; the peak rms is 20% of the freestream and is located at Z = -

1.25mm.
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Figure 3.58: Baselinemeanand rms velocity profiles.

Figure3.59showsthestreamwiseevolutionof thespectrameasuredat the

maximumrmslocation. The frequencyresolutionis IOHz. Thesecondandthird cavity

modesareclearlyseenat490Hzandat approximately740Hz,respectively.Thepeak

valuesaswell astheamplitudesof thebroadbandincreasein thedownstreamdirection.

Thespatialevolutionof rmsvelocity andthevelocity fluctuationsat thefirst threecavity

modesareshownin Figure3.60. OvertherangeX=0mmto X--20mmfor thefirst mode

andX=0mmto X=25mmfor thesecondandthirdmodes,theexponentialgrowth in the

amplitudeis linear. Overthisregionof lineargrowth,thegrowthratesaresimilar for the

threecavitymodes.From X=20mmfor thefirst modeandfrom X=25mmfor thesecond

andthird modes,thegrowth ratesarenonlinear.Theamplitudesof thethreecavity

modessaturatesat X=50mm.The growthof thermsvelocity is linear from X=0mmto

12ramandits anaplitudealsosaturatesatapproximatelyX=50mm.
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3.7.2 Steady Blowing

The mean and rms velocity profiles with steady blowing for the three hole

configurations SS, SSA, and LS are shown in Figure 3.61 and Figure 3.62, respectively.

The momentum coefficients are %= 0.02 for the SS and SSA configurations and 0.03 for

the LS configuration. At the front cavity lip, X=0mm, the velocity profiles are unchanged

compared to the baseline, forthe SS and SSA configu,'ations. The mean velocity profile

is less full for the LS configuration and the peak rms velocity is increased to 11%. At

X=20mm, the mean velocity profile for the SSA configuration is fuller and the rms

velocity profile shows a COtTesponding increase in the peak value; in addition, the shear

layer is observed to be broader. For the SS configuration, the mean and rms velocity

profiles are little changed compared to the baseline. For the LS configuration, the mean

and rms velocity are displaced upward 2ram. At X=60mm for the SS configuration, the

mean velocity profile is less full. The SSA configuration has a slightly more developed

velocity profile and a fuller rms velocity profile within the cavity region.

Figure 3.63 through Figure 3.65 show the streamwise evolution of the spectra.

The steady blowing with the SS configuration, Figure 3.63, is seen to reduce the

amplitudes of the second and third modes. The steady blowing however, also results in

an increase in the spectral amplitudes over the low frequency range, f < 50Hz. For the

SSA configuration, Figure 3.64, the anaplitude of the cavity modes are suppressed. In

contrast, for the LS configuration, Figure 3.65, the second and third modes are not

suppressed nor are the amplitudes over the low frequency range amplified.
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Thestreamwiseevolutionof thermsvelocity andthevelocity fluctuationsatthe

secondandthird cavity modesareshownin Figure3.66. In Figure3.66a,the initial

amplitudegrowthof theSSandSSAconfigurationsaresimilar to thebaselinecase.The

anaplitudegrowth for theSSconfigurationcloselyfollows thebaselineover theregionof

measurement.For theSSA configuration,therangeof lineargrowthextendsfurther

downstream,andthermsvelocity saturatesat a largeramplitudethanthebaseline.The

amplitudegrowth for theLS configurationoccursathigheramplitudesthantheSSand

SSAconfigurations.Thestreamwiseevolutionsof thermsvelocitiescenteredon the

secondcavitymode(f = 490Hz)arepresentedin Figure3.66b. The SSandSSA

configurationshaveasimilar streamwiseevolution, suggestingthat theblowing anglehas

little effecton theamplitudegrowthof thesecondmodewith steadyblowing. Steady

blowingcontrol with theLS configurationresultsin velocity fluctuationsthatareoveran

orderof magnitudelarger thantheSSandSSAconfigurations.Theevolutionof therms

velocitiescenteredon thethirdcavity mode,Figure3.66c,aresimilar to thesecond

mode;howeverfor theLS configuration,therms velocityfluctuationsof thethirdcavity

modeis comparableto thoseof theSSandSSAconfigurations.
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3.7.3 Near-Zero Net Mass Oscillatory Blowing

3.7.3.1 Effect of forcing frequency and blowing amplitude

The effects of the forcing frequency and blowing amplitude on the mean and rms

velocity are shown in Figure 3.67 and Figure 3.68, respectively. Three cases from the

SSA configuration ff= 580Hz and <%> = 2x10 4, ft.= 580Hz and <%> = 7x10 -_, and ft =

300Hz and <c_,> = 2x10 4 are examined. At X = 0mm, the mean and rms velocity profiles

are almost indistinguishable. At X = 20mm, the ff=300Hz case shows little effect while

the ft = 580Hz cases produce fuller velocity profiles and larger peak rms velocities. At

X=50mm, the two ff =580Hz cases show fuller velocity profiles and significantly broader

rms velocity profiles. These results indicate that oscillatory blowing is effective in

enhancing the mixing of the shear layer.

The streamwise evolution of the spectra is shown in Figure 3.69 to Figure 3.71.

Figure 3.69 and Figure 3.70 show spectra for ff = 580Hz <%> = 2×10 .4 and ff = 580Hz

<%> = 7x10 4, respectively. The forcing fiequency is the dominant feature of the spectra,

and its amplitude is larger at the higher momentum coefficient. In Figure 3.71, the

spectra of the fr = 300Hz, <%> = 2x10 4 case are shown. The amplitudes over all the

frequencies are comparable to the baseline case with the exception of that at the forcing

frequency. Previous results show that for similar blowing amplitudes, forcing at

ff =300Hz is not as effective as higher forcing frequencies above 500Hz.

The effect of the forcing frequency and blowing amplitude on the streamwise

evolution of the _TnS velocities is shown in Figure 3.72. The broadband rms velocities are
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comparedin Figure3.72a. Overtherangeof lineargrowth,theamplitudegrowthare

unchangedwith theoscillatoryblowing. In theregionof nonlineargrowth, thefj-=

300H_.caseis very similar to thebaselinecase.On theotherhandfor thef_.= 580H7.

cases,theamplitudegrowth occursat largermagnitudes.Thestreamwiseevolutionof

thermsvelocitiescenteredon thesecondandthird cavity modesareshownin Figure

3.72bandFigure3.72c. Thegrowthfor theff = 580Hecasesaresmallerover therange

of measurement;on theotherhandfor the300Hzcasethegrowth is similar to the

baseline.Therms velocitiescenteredon theforcingfrequencies,300/-/,7and580H:.,are

showninFigure 3.72dandFigure 3.72e,respectively. It is evidentthat theforcingis

moreeffectiveat 580Hz. In Figure3.72d,theff = 300Hecaseshowsrelativelysmall

changescomparedto thebaselineandfr = 580Hz. On theotherhandin Figure 3.72e, the

580Hz cases show dramatically increased growth rates and saturates at a more upstream

station, compared to the baseline and fr = 300Hz case.
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3.7.3.2 Effect of blowing angle

The effect of blowing angle on the mean and rms velocity profiles is shown in

Figure 3.73 and Figure 3.74, respectively. Two hole configurations and blowing

conditions are examined: configuration SS with <%> = 7x10 '_ and configuration SSA

with <%> = 6×10 4. The forcing frequency is 580Hz. At the cavity lip (X=0mm), the

profiles are similar to the baseline. At X=20mm, the mean velocity profiles for the SS

and SSA configurations are more full than the baseline case and the rms velocity profiles

are broader. The profiles for the SSA configuration show the largest changes. Further

downstream at X=50mm, the mean velocity profiles are fuller for both of the SS and SSA
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configurations.Overtherangeof measurement,thefuller meanvelocityprofilesand

broaderrmsvelocity profilesareobtainedwith theSSAconfiguration. Theseresults

indicatethattheblowingat anangleis moreeffective in enhancingthemixing within the

shearlayer.

Figure 3.75 shows streamwise evolution of the spectra with the SSA

configuration. The forcing frequency of 580Hz is the dominant feature of the spectra.

The effect of blowing angle on the streamwise evolution of the rms velocities is

examined in Figure 3.76. The broadband rms Velocities, and the rms velocity fluctuations

centered on the second and third cavity modes, and the forcing frequency of 580Hz are

shown. In Figure 3.76a, b, c, and d, the rms velocities for the SSA configuration are

similar to the rms velocities in the SS configuration over the range of measurements.
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4 Concluding Remarks

An experimental study of the control of cavity resonance using near-zero net mass

oscillatory blowing has been conducted.

cavity has a length-to-depth ratio of four.

The freestream Mach number is 0.2 and tile

Tile blowing was applied just upstream of the

cavity front wall through interchangeable plate configurations. These configurations

enabled the effects of hole size, hole shape, and blowing angle to be examined. An

actuator to provide either steady or near-zero net mass oscillatory blowing was designed

and fabricated. This actuator provided a range of blowing amplitudes and forcing

frequencies. The blowing amplitude is characterized in terms of a momentum

coefficient. The detailed measurements obtained in the experiment include fluctuating

pressure data at the rear cavity wall and front floor of the cavity, and hot-wire

measurements of the cavity shear layer. Spectral and wavelet analysis techniques are

applied to understand the dynamics and mechanisms of the cavity flow with control.

4.1 Summary of Results

4.1.1

made.

Steady blowing

The follmving observations of the cavity flow with steady blowing control are

Effect of blowing amplitude: A range of momentum coefficients lxl0 3 to 0.4

were examined. Steady blowing at the larger amplitudes is more effective in

reducing the SPL of the resonant cavity, modes.
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,, Effect of hole size: Three round hole sizes were examined. The larger diameter

holes are more effective in the control of cavity resonance.

,, Effect of hole shape.: Three hole/slot shapes were examined: round holes, and

streamwise slots and spanwise (long) slots. The streamwise slot configuration is

not as effective for control compared to a round hole of equal area. The spanwise

(long) slot is not as effective as tile other configurations.

,, Effect of blowing angle: Two blowing angles, 45 ° and 90 °, using the round hole

and streamwise slot configurations were examined. For a given momentum

coefficient, the steady blowing at 45 ° is more effective than blowing at 90 ° .

Furthermore, the 45°configuration yields the largest overall reduction in the SPL.

4.1.2 Near-zero Net mass oscillatory blowing

The following observations of the cavity flow with near-zero net mass oscillatory

blowing control are made.

,, Effect of blowing amplitude: A range of unsteady momentum coefficients 5x10 -7

to 8x10 2 was examined. The large (lxl0 5) unsteady momentum coefficients are

the most effective in suppressing the cavity resonance.

• Effect of forcing frequencY." A range of forcing frequencies from t00Hz to 650Hz

was examined. The oscillatory blowing at forcing frequencies greater than 500Hz

(Strouhal number based on the cavity length greater than 1.0) are the most

effective. The oscillatory blowing at forcing frequencies below 350Hz (Strouhal

number less than 0.76) are the least effective.
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• Effect of hole size: The larger diameter holes are more effective in the control of

cavity resonance.

• Effect of hole shape: The three hole/slot shapes yield similar reductions in the

amplitude of the resonant cavity modes. The spanvdse (long) slot is the most

effective in reducing the SPL of the second mode; however the SPL amplitudes

are increased at the lower frequencies.

• .Effect of blowing angle: For a given momentum coefficient, the oscillatory

blowing at 45 ° is more effective than blowing at 90 °. For the streamwise slots,

the effectiveness of the two blowing configurations is comparable.

• The control of cavity resonance using near zero net mass oscillatory blowing and

steady blowing are compared. Near-zero net mass oscillatory blowing is much

more effective as momentum coefficients up two orders of magnitude smaller

than those required for steady blowing are needed.

4.2 Dynamics and mechanisms of control

• For oscillatory blowing, the effectiveness of control is found to strongly depend

on the blowing amplitude, forcing frequency, and hole size. The hole shape and

blowing angle are found to be less significant parameters.

• The autocorrelation analysis shows that there is no clear effect on the size of the

large-scale structures when oscillatory blowing is employed.

• The cross-correlation analysis shows that oscillatory blowing is effective in

modifying the feedback loop associated with the cavity resonance.

159



• Thewaveletanalysisrevealsthatthemodeswitchingbehaviorin thecavity flow

is notsuppressed.Howevertheamplitudemodulationis reducedandthe

frequencyof modulationoccursat higherfrequencies.

• Thebispcctralanalysissuggeststhat withoscillatoryblowing,thenonlinear

interactionsamongsttheresonantmodesarereduced,andthedominantnonlinear

interactionsareassociatedwith theforcingfrequency.

• Thehot-wiremeasurementsin theshearlayerrevealthatoscillatoryblowing

enhancesthemixing in theshearlayer. This effect isenhancedby blowing at45°.

4.3 Recommendations

The following are recommendations for future work:

1. In order to apply the oscillatory blowing to full-scale applications, the relevant

scaling parameters must be determined. Parameter studies that include the ratios

of hole size to the boundary layer (or momentum thickness); hole spacing to

cavity width; jet velocity to freestream velocity, and non-dimensional forcing

frequency should be conducted.

2. A full-scale application of cun'ent interest is the weapons bay. For this

application it is of interest to assess the effectiveness of near zero net mass

oscillatory blowing at higher Mach numbers.
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A Appendices

A.1 Actuator Design

The actuator was designed to produce both steady and oscillatory blowing control.

Three constraints drove the design of the actuator. First, the actuator was required to

operate over a range of forcing frequencies including the third cavity mode. Secondly to

minimize losses due to viscous affects, the actuator had to be installed within the tunnel

plenum and as close as possible to the lip of the cavity front wall. Finally, it was

necessary that the actuator be compatible with the existing cavity model in order to

minimize the tunnel set-up time.

The different actuator components are shown in Figure A. 1 through Figure A.9 and

are described in Table A.i. The assembly drawing of the actuator is shown in Figure

A. 10, and an exploded view is shown in Figure A. 11. The rotor, bearings, rotor axle, and

rotor cap are assembled into one unit that is contained within the housing. The motor

bolts onto the exterior of the motor mount and is connected to the rotor axle via a

coupling; this coupling is located within the motor mount. The high-pressure air supply

is connected to the housing end plate, while the delivery to the vacuum is connected to

the hole on top of the delivery chamber. In the wind tunnel, the housing assembly sits

astride the model sidewalls with the rotor axis perpendicular to the sidewalls. The mid

section of the lov,'er side of the assembly forms the ceiling of the model. The delivery
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chamberis boltedin betweenthemodelsidewallsandformsthemodelceiling andthe

front cavity wall.

Table A.I: Description of the actuator components.

Component Name Description Material Quantity

Delivery Chamber See Figure A. 1 6061-T6 Aluminum 1

Delivery Chamber Side Wall See Figure A.2 6061-T6 Aluminum 1

Hole Insert Plate See Figure A.3 6061-T6 Aluminum 1

Housing See Figure A.4 6061-T6 Aluminum 1

Motor Mount See Figure A.5 6061-T6 Aluminum 1

Rotor See Figure A.6 Teflon 1

Rotor Axle See Figure A.7 6061-T6 Aluminunl 1

Rotor Cap See Figure A.8 6061-T6 Aluminum 1

Housing End Plate See Figure A.9 6061-T6 Aluminum 1

Flexible Coupling Rocom AT0062 N/A 1

Ball Bearing 77R10 N/A 2
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Figure A.IO: Assembly drawing of the actuator.
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Figure A.11: Exploded assembly view of the actuator with coupling and bearings.
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A.2 Experimental Uncertainty

Table A.2: Uncertainty of tunnel properties and calculated values.

Expression Accuracy

M= 0.8%

pt= 0.05 %

Tt_ 0.01%

% 6 %

<%> 35 %

Table A.3: Repeatability of tunnel properties between runs.

Value Repeatability

Pt + 1%

M= +1%

Tt +__2%
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Abstract

The near-zero net mass oscillatory blowing control of a subsonic cavity flow has

been experimentally investigated. An actuator was designed and fabricated to provide

both stead}' and oscillatory blowing over a range of blowing amplitudes and forcing

frequencies. The blowing was applied just upstream of the cavity front wall through

interchangeable plate configurations. These configurations enabled the effects of hole

size, hole shape, and blowing angle to be examined. A significant finding is that in terms

of the blowing amplitude, the near zero net mass oscillatory blowing is much more

effective than stead}, blowing; momentum coefficients up two orders of magnitude

smaller than those required for steady blowing are sufficient to accomplish the same

control of cavity resonance.

The detailed measurements obtained in the experiment include fluctuating pressure

data within the cavity wall, and hot-wire measurements of the cavity shear layer.

Spectral and wavelet analysis techniques are applied to understand the dynamics and

mechanisms of the cavity flow with control. The oscillatory blowing is effective in

enhancing the mixing in the cavity shear layer and thus modifying the feedback loop

associated with the cavity resonance. The nonlinear interactions in the cavity flow are no

longer driven by the resonant cavity modes but by the forcing associated with the

oscillatory blowing. The oscillatory blowing does not suppress the mode switching

behavior of the cavity flow, but the amplitude modulation is reduced.
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